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Malaria infects 300-500 million people and results in 1-3 million deaths each 
year. During malaria infection, the malaria parasites invade the human red 
blood cells (RBCs) and in the process, modify the mechanical and adherent 
properties. The deformable RBCs can become stiff and sticky, and bind to the 
endothelial cells which results in vascular occlusion. The cytoadherence of 
malaria-infected red blood cells (iRBCs) is directly related to the malaria 
severity, and the occlusion leads to several symptoms, such as pain, organ 
damage, or even death.  
In this thesis, the cytoadherence of iRBCs in terms of the adhesion force, 
adhesion percentage and energy density, were studied between the FCR3-CSA 
iRBCs and CSA-expressing Chinese hamster ovary (CHO) cells using the dual 
micropipette step-pressure technique. The adhesion force was systematically 
studied (1) among different asexual stages from ring to schizont stages and, (2) 
under the effect of febrile temperature.  
In studying the adhesion force at different asexual stages, a significant 
increase in both the adhesion force and percentage of adhesion was observed 
from the early trophozoite to early schizont stage. However, at late schizont 
stage, both the adhesion force and the percentage of adhesion decreased 
significantly. In studying the effect of the febrile temperature on iRBC 
cytoadherence, it was found that 1 h incubation at febrile temperature could 
significantly increase both the adhesion force and percentage of adhesion. 
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However, a longer incubation at febrile temperature leads to significant cell 
death.  
The adhesive ligand density and cell rigidity were proposed to be factors 
affecting the adhesion contact area, which was proportional to the resultant 
adhesion force. The microscope images were used to examine the adhesion 
contact area. The mean fluorescent intensity (MFI) obtained from the flow 
cytometric analysis was used to quantify the surface ligand density. Moreover, 
the cell membrane shear elastic modulus was measured using the micropipette 
aspiration technique. It was found that while the resultant adhesion force was 
proportional to the surface ligand density, and inversely proportional to the 
cell rigidity, the ligand density played a major role in affecting the resultant 
adhesion force. Less than 30% change in the shear elastic modulus could not 
significantly change the adhesion force, and when more than 100% change in 
shear elastic modulus occurred from the early schizont to late schizont stage, 
the resultant adhesion force decreased significantly.  
The results of this study could potentially provide valuable information in 
better understanding the cell-cell adhesion and the factors involved in 
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Chapter 1. Introduction 
1.1 Malaria  
Malaria is a mosquito-borne infectious disease that is caused by the eukaryotic 
of the genus Plasmodium. There are five species of human Plasmodium, 
namely, Plasmodium falciparum (P. falciparum), P. ovale, P. vivax P. 
malariae and P. knowlesi,. Among the five species, P. falciparum is the most 
deadly causing more than 90% of malaria induced death (Despommier et al. 
2000).  
People suffered from malarial fever as far back as 1500 B.C. in early Egypt, as 
described in Eber's papyrus (Halawani et al. 1957). In a more direct 
measurement, malaria pathogens were detected in mummies dated back to 
3200 B.C. (Miller et al. 1994). Malarial fever was first known as the tertian 
fever because it is periodic, or as ague and marsh fever because the disease 
was thought to be associated with stagnant water or marshes. The word 
'malaria' comes from the Italian word meaning 'mal' is bad and 'aria' is air. It 
was not until 1897 that the mosquito Anopheles gambiae was first discovered 
to be the main transmitting vector (Porter 2007).  
Until 1840, malaria was a global endemic disease in the United States, Europe, 
Russia, Asia and Africa. After the discovery of the transmitting mosquito and 
the malaria parasites, in the 20th century, malaria was gradually controlled by 
the use of anti-malarial drugs and insecticides. In 1953, malaria was eradicated 
in the US. However, the conditions in less developed countries did not 
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improve due to heavy economic burdens. The resistance to anti-malarial drugs 
also increased the burden of combating the malaria disease (Gallup et al. 2001; 
Travassos et al. 2009). Currently, malaria still results in 300-500 million 
clinical cases and 1-3 million deaths annually (Andrews et al. 2002; Hay et al. 
2010). Among all five Plasmodium species, P. falciparum alone caused 515 
million clinical cases in 2002 (Snow et al. 2005), and it was responsible for 
almost 100% of annual clinical cases shown in the previous study.  In 2007, 
the number of annual clinical cases was 451 million, and there was no 
progress in malaria eradication in the last 10 years (Hay et al. 2010).  
Malaria is mostly endemic in sub-Saharan African area and some other 
developing countries. More than half of all estimated clinical cases occurred in 
India, Nigeria, the Democratic Republic of the Congo, and Burma, where 1.4 
billion people are at risk (Hay et al. 2010). The worldwide distribution of 
malaria clinical cases, as shown in Figure 1.1, is strongly related to the per-
capita GDP. Generally, a malaria endemic country has a low economic growth 
rate (Sachs et al. 2002). The economic growth and malaria endemic have a 
mutual effect on each other. In poor countries, governments cannot afford the 
huge amount of spending on anti-malarial drugs, insecticides, clinical 
examination and treatment. On the other hand, malaria also impedes the 
economic growth by reducing the fertility, population growth, worker 
productivity and investment on this country. Thus, it is still very important to 





Figure 1.1. Global distribution of malaria (WHO 2004). 
 
1.2 Pathogenesis of Plasmodium falciparum 
The transmission and infection of malaria parasites involve both human and 
mosquito hosts. The infection begins with the Anopheles mosquito acquiring a 
blood meal from a human, and releasing sporozoites into the human body. 
After entering, the sporozoites invade and hide in the liver cells until 
merozoites are developed. After merozoites mature, they enter into the blood 
circulation. Merozoites can then invade red blood cells (RBCs), multiply 
inside the cells, and produce proteins modifying the cell rigidity and adherent 
properties. After merozoite invasion of the RBCs, the asexual cycle begins. 
The asexual cycle contains three different stages, namely ring, trophozoite and 
schizont stages. During the asexual cycle, parasites multiply inside the red 
blood cell, and several proteins are produced. These proteins, produced by 
malaria parasites, such as Plasmodium falciparum RBC membrane protein 3 
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(PfEMP3), PfEMP1 and knob associated histidine rich protein (KAHRP), 
modify the host RBCs deformability and adherent properties. The asexual 
stage is considered to be important to parasite multiplication inside the human 
body, and the altered mechanical properties of infected red blood cells (iRBCs) 
are considered to be the main cause of malaria pathology (Miller et al. 2002). 
During the asexual cycle, some parasites are developed into the sexual stage, 
called gametocytes. Through five stages of gametocyte maturation, parasites 
inside iRBCs are ready to be picked up and transmitted back to the mosquito. 
This then gets transmitted to another person while it is having another blood 
meal (Eichner et al. 2001; Aly et al. 2009; Baker 2010). Figure 1.2 shows the 
life cycle of Plasmodium falciparum, and the life cycle of other species are 
similar (Miller et al. 2002). 
 
Figure 1.2. Life cycle of malaria parasites, from infection, asexual cycle, 
sexual cycle to transmission back to mosquito (Miller et al. 2002). 
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In asexual cycle, after the merozoites invasion in a healthy RBC, the parasites 
modify host cell membrane structure by exporting PfEMP3 and KAHRP 
proteins into the cell membrane. PfEMP3 and KAHRP crosslink with the red 
blood cell spectrin network, and reduce the RBC deformability. In order to 
avoid spleen clearance of the rigid infected RBCs (iRBCs), another parasite 
exported protein - PfEMP1, is exported to the iRBC membrane. The internal 
domain of PfEMP1 binds to KAHRP and PfEMP3, and the external binding 
domains are extruded out of the knob structure. It acts as the adhesion ligand 
of iRBCs, and binds to various host receptors on the endothelial cells (Miller 
et al. 2002).  
PfEMP1 is a var gene encoded protein, and it can bind to several host 
receptors on various endothelial cells. A more detailed review of the research 
on PfEMP1 will be presented later. With the binding between PfEMP1 and 
host receptors, iRBCs can sequester in blood vessels (sequestration), or adhere 
to other normal red blood cells (nRBCs) (rosetting). The malaria induced 
rosetting and sequestration lead to the microvasculature obstruction. As a 
result, it can lead to a more exacerbated situation such as cerebral malaria, 
placental malaria and severe malaria (Robert et al. 1996; Beeson et al. 2000; 
Andrews et al. 2002; Trampuz et al. 2003; Muthusamy et al. 2007; Moxon et 
al. 2009; Brown et al. 2010; Conroy et al. 2010). Moreover, the destruction of 
infected and normal RBCs, the inflammation induced by iRBCs rupture, 
combined with the microvasculature obstruction, can lead to more serious 
situations such as impaired consciousness, coma, difficulty in breathing, 
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severe anaemia and multi-organ failure (Kwiatkowski 1990; Miller et al. 2002; 
Trampuz et al. 2003; McKenzie et al. 2006).  
The microvasculature obstruction induced by cytoadhesion between iRBCs 
and host receptors is extremely dangerous to pregnant women, and especially 
to women of first pregnancy (Andrews et al. 2002). PfEMP1 can bind to 
chondroitin sulfate A (CSA), a sulfated glycosaminoglycan (GAG) richly 
presented in the placental intervillous space. The sequestration of iRBCs in 
placenta is extremely dangerous to both mother and child, and it can lead to 
hypoxia, inflammatory reactions, and chronic intervillositis (Andrews et al. 
2002). It, in turn, can cause premature delivery, low birth weight, anemia in 
the mother, and can eventually lead to death of mother, abortion of fetus and a 
stillbirth (Greenwood et al. 2002; Miller et al. 2002). Currently, tens of 
thousands of pregnant women are still suffering from P. falciparum, and 
75,000 to 200,000 infants die from pregnancy-associated malaria (PAM) 
annually (Andrews et al. 2002).  
The need to understand cytoadherence of malaria-infected RBC is important 
for anti-malarial drug investigation. Currently, anti-malarial drug research is 
focused on targeting iRBCs food vacuole and killing parasites directly 
(Bjorkman 2002; Travassos et al. 2009). However, mortality of severe malaria 
is still 15%-20%, despite the treatment with anti-malarial drugs. A standard 
anti-malarial drug takes up to 24 h to kill the parasites before microvaculature 
clearance, and 85% of malaria related death occurs within the first 24 h (Rowe 
et al. 2010). After drug treatment, the cytoadherence level is still one third of 
the untreated malaria-infected RBCs (Hughes et al. 2010). Thus, it is very 
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important to understand malaria-infected RBCs cytoadherent property, and to 
produce new drugs aiming at the anti-adherence of infected RBC.  
1.3 Current Studies on the Mechanical Properties and Cytoadherence of 
Infected RBCs 
1.3.1 Mechanical Properties of Malarial-Infected RBCs  
a. Healthy RBCs 
The red blood cell (RBC) is an essential biological cell that acts as an oxygen 
carrier to the different organs in the human body. A RBC has a biconcave disc 
shape. It has a width of around 2.5 µm and in-plane diameter of 6-8 µm 
(Evans 1973). Figure 1.3 below shows the microscopic image of nRBCs at a 
magnification of 160X. In order to travel through micro-capillaries of width 
smaller than its diameter, nRBCs need to fold and squeeze through the small 
openings. They also need to endure thousand passes of folding and unfolding 
through the narrow capillaries. Thus, cell deformability is very important to 
RBCs in order to function properly.  
 
Figure 1.3. The biconcave shape of normal red blood cells observed under the 
optical microscope (scale bar = 5 µm). 
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The interior of the RBCs comprises hemoglobin, and the cell deformability 
and durability is determined by its unique structure of the cell membrane 
(Fung et al. 1968; Evans 1973). Thus, the material properties of the red blood 
cell membrane are of interest in studying its deformability.  
The red blood cell membrane comprises three layers - the glycocalyx, the lipid 
bilayer and the inner spectrin network. The glycocalyx forms the outer layer 
and is rich in carbohydrates chains. However, the glycocalyx layer does not 
contribute significantly to the cell membrane mechanical properties. The lipid 
bilayer consists of the lipids and transmembrane proteins. It defines the total 
surface area of the RBC. However, the lipids can easily slide between each 
other during cell deformation. Thus, the lipid bilayer contributes little to the 
resistance of the cell to deformation. The inner spectrin network consists of 
the structural proteins, and it connects and supports the lipid bilayer. It also 
defines the shape of the red blood cell, and determines the cell membrane 
shear elastic modulus (Evans 1973; Evans et al. 1976). 
The spectrin network comprises several proteins, and the major components 
are spectrins, band 4.1 proteins, actins, and band 4.9 proteins. For the spectrin 
molecules, one spectrin tetramer is composed of two α-spectrins and two β-
spectrins. A spectrin tetramer is a flexible, rod-shaped molecule of 200 nm in 
length, and it connects to other spectrins through the link of actins and band 
4.1 proteins. The connection of one specctrin tetramer to other tetramers forms 
a triangular mesh network under the lipid bilayer. The mesh network is 
connected to the lipid bilayer through the association with ankyrin and band 
4.1 protein which, in turn, is connected to the cytoplasmic domain of the anion 
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transporter (Bennett 1985). Figure 1.4 shows the structure of spectrin network 
underlying the lipid bilayer.  
 
Figure 1.4. Schematic drawing of nRBCs membrane structure, including lipid 
bilayer, band 3 transmembrane proteins, spectrin filaments and junction 
complex proteins (Maier et al. 2009). 
 
Theoretical modeling of nRBC membrane started in 1973, when Evans 
proposed a 2D elastomer material concept to model red blood cell membrane 
(Evans 1973). Here, the cell membrane was considered as a simple thin 2D 
elastomer material. Evans also studied a special case of force loading, where 
the cell membrane was deformed under fluid shear stress, and the elastic shear 




The 2D model proposed by Evans was a very simplified model. In this model, 
the cell membrane area was assumed to be constant, and the area expansion 
modulus was neglected during deformation. From the deformation, the shear 
modulus could be calculated. In 1976, Evans and Waugh et al measured cell 
membrane area expansion modulus of RBCs, and found it to be much larger as 
compared to its elastic shear modulus (Evans et al. 1976). Thus, they 
confirmed that the cell membrane can be considered as a 2D incompressible 
material with a fixed area. The area conservation was further shown by 
Fischer et al in 1992 (Fischer 1992). In their work, it was shown that the cell 
membrane deformation requires a flow of the lipid bilayer passing the intrinsic 
proteins anchored to the spectrin network. In the quasi-static deformation, the 
local deformation is inversely proportional to the isotropic modulus of the 
spectrin network in relation to the shear modulus, and the area expansion 
modulus is constrained by the lipid bilayer. 
The study of RBC mechanical properties was reviewed by Hochmuth and 
Waugh in 1987 (Hochmuth et al. 1987), in which the membrane was 
considered as a 3D deformable continuum. In this model, the membrane 
thickness was included. Since the RBC membrane is only a few molecules 
thick, it was considered as a continuum in the plane of the membrane, and on 
which the "stress resultants" or in-plane "tension" was defined. The surface 
properties represented a summation of the properties of lamellar molecular 
structures over the thickness of the membrane. With this model and 
micropipette aspiration technique, the shear elastic modulus of nRBCs at room 
temperature was measured to be 6 to 9 pN/µm, and the bending modulus 
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measured was about          . Waugh and Evans et al also studied the 
effect of febrile temperature on nRBC shear elastic modulus (Waugh et al. 
1979). With a temperature increasing from 2-50°C, both the shear modulus 
and area compressibility modulus decreased. Thus, nRBCs became softer at a 
higher temperature.   
b. Malaria-Infected RBC 
The decreased deformability of Plasmodium falciparum-infected RBCs was 
first studied in 1984 when Cranston et al  examined iRBCs' elongation under 
applied shear stress through a rheoscope (Cranston et al. 1984). They observed 
that compared with nRBCs, ring stage iRBCs had an impaired deformability 
under physiological shear stress. For more mature trophozoite and schizont 
stages, iRBCs almost had no deformation. In 1989, Nash et al thought that the 
loss of cell deformability at ring stage was due to the reduction of the cell 
surface-to-volume ratio, and at trophozoite and schizont stage, it was due to 
the stiffening effect of parasites inside the host RBCs (Nash et al. 1989). In 
2002, Glenister et al investigated two special proteins secreted by malaria 
parasites - the KAHRP and PfEMP3 proteins (Glenister et al. 2002). They 
used micropipette aspiration technique to measure the iRBC membrane shear 
elastic modulus. In their study, the wild type malaria-infected RBC membrane 
shear elastic modulus was compared with PfEMP3 and KAHRP knock-out 
iRBCs at trophozoite stage, and it was shown that KAHRP and PfEMP3 can 
significantly stiffen iRBC membrane. In order to further investigate the 
function of  KAHRP and PfEMP3 proteins, Parker et al used confocal 
microscope and fluorescent recovery after photobleaching (FRAP) to examine 
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the lateral mobility of the spectrin network protein of iRBCs (Parker et al. 
2004). They showed that at the trophozoite stage, band 3 proteins and 
glycophorin in spectrin network had a decreased mobility. The appearance of 
knob structures on the cell surface was proposed to be responsible for the 
reduced mobility of spectrin network protein and the reduced cell 
deformability. The knob structure on the cell surface appeared 24 h post 
invasion in the early trophozoite stage, and its density gradually increased till 
40 h post invasion in the early schizont stage (Gruenberg et al. 1983; Li et al. 
2006). Meanwhile, a study by Mills et al demonstrated that during the asexual 
cycle from ring to schizont stage, the cell membrane shear elastic modulus 
increased (Mills et al. 2005). 
The relationship between KAHRP and PfEMP3 and the knob structures was 
also studied by Rug et al (Rug et al. 2006 ). They showed that the c-terminal 
repeat region of KAHRP protein was critical for the formation of the knob 
structure. KHARP protein was also critical for cross-linking the host cell 
spectrin network to knob structure, which, in turn, reduces the spectrin 
network protein mobility and increases cell rigidity. Figure 1.5 shows the 





Figure 1.5. Schematic drawings of (A) healthy RBC spectrin network proteins 
and (B) knob structure of malaria-infected RBC (Maier et al. 2009). 
 
Malaria febrile episode starts with the rupture of a population of schizont stage 
iRBCs, during which the releasing of merozoites increases the tumor necrosis 
factor (TNF) levels and causes local inflammation (Kwiatkowski 1990). In an 
asynchronous malaria infection, iRBCs ranging from ring to schizont stages 
are affected by fever temperature (Robert et al. 1996; Beck et al. 1997; Konaté 
et al. 1999; Bendixen et al. 2001; Schleiermacher et al. 2002). Mills et al 
studied the effect of febrile temperature on ring stage iRBCs, and proposed 
that at febrile temperature, parasites would increase the production of ring-
infected RBC surface antigen (RESA) protein, and RESA in turn would 
rigidify ring stage cell membrane (Mills et al. 2007). Subsequently, Park et al 
in 2008 used refractive index mapping, which was a non-invasive method of 
measuring RBC membrane stiffness, and studied the effect of febrile 
temperature (41°C) on different asexual stage iRBCs shear elastic modulus 
(Park et al. 2008). They found that febrile temperature could significantly 
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stiffen iRBCs of all asexual stages of iRBCs. Park et al proposed that the 
increased stiffness came from the heat shock protein (HSP) crosslinking the 
cell membrane and protecting cells at elevated temperature.   
In summary, the iRBC membrane shear elastic modulus is associated with red 
blood cell spectrin network, and the abnormal spectrin network structure with 
crosslinking to KAHRP structure significantly increases cell rigidity. The 
presence of parasitophorous vacuole in cell body, as well as the reduced area 
to surface ratio, contributes to cell stiffening.  
1.3.2 Cytoadherent Properties of Infected RBCs 
a. Role of PfEMP1 
The iRBCs cytoadherent properties are closely related to malaria pathogenesis. 
Being able to adhere to microvasculature endothelial cells, rigid iRBCs can 
avoid splenic clearance, and hide inside the host body (Kraemer et al. 2006; 
Rowe et al. 2010). However, the sequestration of iRBCs in different organs 
can induce several disease conditions, such as cerebral malaria, placental 
malaria and severe malaria. (Miller et al. 2002). 
The study of adhesive ligands on iRBC membrane began with the discovery of 
the knob structures on the cell membrane. In 1981, Udeinya et al discovered 
that the malaria-infected RBCs could bind to endothelial cells specifically with 
the knob-like structures. Without these structures, the cells lost their binding 
ability (Udeinya et al. 1981). Thus, the knob structures were proposed to be 
related to malaria-infected RBCs cytoadherence. In 1999, Newbold et al 
discovered a parasite encoded protein on iRBC membrane. This protein 
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appeared on cell membrane 16 hours (h) post invasion, and it could mediate 
the adhesion between iRBCs and endothelial cells (Newbold et al. 1999). The 
expression of this protein on cell membrane was further confirmed by Kriek et 
al in 2003 through flow cytometric analysis (Kriek et al. 2003). This protein, 
which is called PfEMP1, started to appear on cell membrane 16 h post 
invasion and saturated at about 26 h post invasion. 
In 2005, Horrocks et al studied the distribution of PfEMP1 on cell membrane, 
and the relationship between PfEMP1 expression and knob structures on the 
cell membrane (Horrocks et al. 2005). They used immuno-gold labelling 
particles to label electron-dense PfEMP1 clusters, and used transmission 
electron microscope (TEM) to examine iRBC cell surface. They found that the 
PfEMP1 distributed in small discrete clusters of the knob structures on the cell 
membrane. However, at the late trophozoite stage when the trafficking of 
PfEMP1 to cell membrane stopped, only 30% of knob structures were loaded 
with PfEMP1. A small amount of PfEMP1 could still exist on knobless 
phenotypes. 
The structure of PfEMP1 on knob structure was first thought to be rod-like, 
with one end connecting to KAHRP and the other end extruding out of knob 
structure and binding to host receptors (Miller et al. 2002; Kraemer et al. 2006; 
Maier et al. 2009). Figure 1.5 shows the proposed structure of PfEMP1 
extruding out of knob structure. However, a recent study by Joergensen et al 
in 2010 proposed that PfEMP1 is more like a globular protein on the knob 
structure (Joergensen et al. 2010). On average, about 10 to 80 PfEMP1 
molecules could exist on one knob structure.  
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b. PfEMP1 is var Gene Encoded and Binds Specifically to Different Receptors 
Malaria-infected RBCs can sequester in different host organs, and bind to 
different host receptors. The ability of iRBCs binding to different receptor is 
due to the large variation of PfEMP1 binding domain. 
PfEMP1 is a var gene encoded multi-domain protein (Smith et al. 1995). To 
date there have been 59 different PfEMP1 proteins binding to different host 
receptors discovered (Kraemer et al. 2006; Pasternak et al. 2009). Although 59 
PfEMP1 var genes can exist in one parasite, through a transcriptional 
regulation process, only one PfEMP1 is selected to be expressed on the 
surface of an iRBC (Chen et al. 1998). However, there is still a 2% variation 
of the PfEMP1 expression on one iRBC of each generation (Roberts et al. 
1992; Miller et al. 2002). Thus, in a continuous culture of adhesive iRBCs, 
selection and restriction of PfEMP1 expression must be performed to maintain 
PfEMP1 expression consistent.   
The genome sequence of 3D7 strain Plasmodium falciparum was published in 
2002 (Gardner et al. 2002). The publication led to the study of different 
PfEMP1 binding domains to various host receptors. PfEMP1 is a multi-
domain protein. It is composed of a highly variant exon I region, followed by a 
conserved intron and extron II region. The exon I region is exposed outside of 
the cell membrane, and the exon II region is associated with the knob structure. 
The exon I region is composed of several binding domains, and the variation 
of this region comes from the variation of 59 different var gene (Andrews et al. 
2002). In Figure 1.6, the different binding domains of PfEMP1 exon I region 




Figure 1.6. Structures and sub-domains of PfEMP1 variant proteins, and sub-
domains responsible to bind to different host receptors such as heparin sulfate, 
CR1, CD36, ICAM-1, CD31, CSA, IgM etc (Kraemer et al. 2006). 
 
As shown in Figure 1.6 (Kraemer et al. 2006), the binding domains of 
PfEMP1 exon I region are mainly Duffy binding-like (DBL) and cysteine-rich 
inter-domain region (CIDR) sub-domains. The various binding sub-domains 
can bind to several host receptors such as CD36, heparin sulfate, CR1, CD31, 
IgM, ICAM-1,CSA, and TSP. The binding to different host receptors can lead 
to cell sequestration in different organs or formation of rosetting. The 
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sequestration of iRBCs can cause cerebral malaria, severe malaria or placental 
malaria (Andrews et al. 2002; Miller et al. 2002; Kraemer et al. 2006; 
Pasternak et al. 2009). Among the 59 different PfEMP1 var genes, most of 
them can produce PfEMP1 binding to CD36 and ICAM-1, but only few of 
them, the var1CSA and var2CSA, can produce proteins binding to CSA. The 
binding between PfEMP1 and CSA is responsible for pregnancy-associated 
malaria (PAM) (Menedez 1995; Rowe et al. 2004; Salanti et al. 2004; Ndam1 
et al. 2008). In Figure 1.7, the relationship between various PfEMP1 binding 
domains and symptoms in malaria infections is shown.  
 
Figure 1.7. Schematic representation of PfEMP1 induced cytoadherence lead 
to several malaria symptoms, such as severe malaria, cerebral malaria, 




c. Investigation of PfEMP1 Binding Domain to CSA 
Pregnancy-associated malaria (PAM) is associated with maternal anaemia, 
low birth weight, premature delivery, and it can even lead to the death of 
mother and child with an annual death rate of 200,000 (Higgins 2008). The 
sequestration of malaria-infected RBCs in the intervillous space of placenta is 
thought to be the major cause of the symptom (Menedez 1995; Andrews et al. 
2002; Salanti et al. 2004; Kraemer et al. 2006). 
Fried and Duffy started to study the adherence of iRBC to placenta host 
receptor in 1996 (Fried et al. 1996). In their study, the host receptor CSA 
involved in PAM was identified. In 1999, one var gene-encoded PfEMP1 was 
identified as the parasite ligand binding to CSA (Reeder et al. 1999; Salanti et 
al. 2004; Viebig et al. 2007). The single var gene encoded PfEMP1 binding to 
CSA was called VAR2CSA, and it is structurally different from the other var 
gene encoded PfEMP1s (Salanti et al. 2003). The binding domain in 
VAR2CSA was identified to be DBL2X and DBL3X (Gamain et al. 2005; 
Higgins 2008; Resende et al. 2008). The 3D structure of VAR2CSA and sub-
domains of DBL3X was studied in detail in 2008 (Singh et al. 2008). It was 
proposed that the sub-domain 2 and 3 of DBL3X was mainly responsible in 
binding to CSA due to their conserved positively charged residues. Meanwhile, 
Andersen and Nielsen observed in their 3D model that sub-domains 1 and 2 of 
DBL3X are generally surface exposed and might be functional domain, while 
sub-domain 3 is less surface exposed (Andersen et al. 2008). Thus, they 
proposed that the sub-domain 1 and 2 were more functional in adhesion. They 
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also proposed that the VAR2CSA inter-domain 2 and CIDR domain might be 
functional domains as well.  
Currently, it is widely accepted that VAR2CSA is responsible for CSA 
binding, but its correct folding in knob structure, and functions of its different 
domains and sub-domains are still unknown.  
d. Other Binding Proteins on IRBC Surface 
Although PfEMP1 is the mostly studied adhesive ligand expressed on iRBC 
surface, other proteins have been proposed to be possible adhesive ligands too.   
Phosphatidylserine (PS) is an essential component of  the lipid bilayer in both 
nRBCs and iRBCs. PS is normally kept in the inner-leaflet of the lipid bilayer. 
However, when the cell is under oxidative stress or undergoing apoptosis, PS 
can no longer be kept in the inner-leaflet, and it flips out to the outer surface of 
the lipid bilayer (GN et al. 1990). PS can bind to     , and then      can 
bridge PS to several other proteins with heparin binding domains. Research 
has shown that with the help of      bridging, PS can bind to many host 
receptors like TSP, CD36, Annexins, PS-receptor (PSR). PS can also induce 
adherence of malaria-infected RBC or sickle cell to endothelial cells (Closse et 
al. 1999; Mandodori et al. 2000; Eda et al. 2002; Betal et al. 2008; Setty et al. 
2008) 
Ring surface protein 2 (RSP-2) is another proposed adhesive ligand that exists 
on ring stage iRBCs. Douki et al found that ring stage iRBCs can bind to 
endothelial cells, and the binding ability disappeared at trophozoite and 
shicoznt stage (Douki et al. 2003). Thus, they proposed a possible binding 
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ligand RSP-2 on iRBCs, which specifically bind ring stage iRBC to 
endothelial cell. However, the host receptor of this protein has not been 
defined yet. 
RIFIN and STEVOR proteins are two other proteins expressed on iRBCs at 
the late asexual stage, and through molecular structural analysis, they were 
proposed to have similar binding domains to PfEMP1 (Newbold et al. 1999; 
Joannin et al. 2008). Thus, both of them are proposed to be potential binding 
target. However, little research has been done on these two proteins. 
e. Cytoadherence Measurement of PfEMP1 on IRBC 
The quantitative study of cytoadhesion is classified into two scales: the study 
of single receptor-ligand reaction, and the study of the cell-cell adhesion (Zhu 
et al. 2000). In the study of single receptor-ligand reaction, thermodynamic 
models and kinetic models are used to quantify the reaction. In the 
thermodynamic model, the reaction is viewed to be driven by chemical 
potentials; and in the kinetic model, the binding is viewed as a chemical 
reaction with reactive rate and binding affinity. In the study of cell-cell 
adhesion, dual pipette step-pressure technique and microfluidic devices are 
usually used.  The cell-cell adhesion is quantified as the force to separate the 
adhered cells. Moreover, the adhesion energy density, which is defined as the 
mechanical work required to separate a unit contact area, is also used to 
quantify the strength of cell-cell adhesion (Evans 1980; Evans 1985; 
Brochard-Wyart et al. 2003). 
In the study of single receptor-ligand reaction of iRBC PfEMP1 to host 
receptors, Joergensen et al studied the binding affinity of individual domains 
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of VAR2CSA PfEMP1 protein by Quartz Crystal Microbalance biosensor 
(Joergensen et al. 2010). In their work, the binding affinity of several human 
monoclonal antibodies to a particular DBL5ε domain was studied. They also 
discussed that in vivo, after the PfEMP1 is loaded to a knob structure, the 
binding affinity could be changed. In another study by Srivastava and 
Gangnard et al, a full-length protein mimicking the extracellular region of 
VAR2CSA PfEMP1 was produced, and the binding affinity of different 
domains was studied (Srivastava et al. 2010). In their study, they found that 
the binding affinity of different domains varied significantly, and a full-length 
external region with a correct structure was needed in order to produce a 
maximum binding affinity between VAR2CSA PfEMP1 and CSA. Thus, they 
suggested that the binding affinity of the PfEMP1 external region is structural 
and domain dependent. While a Quartz Crystal Microbalance biosensor could 
study the binding kinetics of PfEMP1 individual domains, AFM was used to 
study the binding kinetics between a fulllength knob associated PfEMP1 to its 
receptors. A study by Li et al showed the single receptor-ligand binding 
kinetics between PfEMP1 and CD36/TSP (Li et al. 2011). 
In the study of cell-cell adhesion, the dual pipette step-pressure technique and 
microfluidic devices were widely used. Nash et al used the dual pipette 
technique to quantify the adhesion force between iRBCs and CD36 or ICAM-
1 host receptors (Nash et al. 1992). They used HUVEC and C32 cells, and 
measured the adhesion force between iRBC and ICAM-1- or CD36-expressing 
cells. They found that the adhesion force was about 100 pN in both iRBC 
binding to ICAM-1 and CD36. The percentage of cells that can adhere was 60% 
 23 
 
to 70%. They also found that after 24 h post invasion, both the adhesion force 
and percentage dropped, and the reduced adhesion was due to the increase in 
cell rigidity. It was also observed among several other studies that at late 
trophozoite or schizont stage, the percentage of adhesion decreased compared 
to cells at early to mid trophozoite stage. (Gardner et al. 1996; 
Madhunapantula et al. 2007).  
Evans et al analyzed the balance between the energy created when an adhesive 
contact formed and the energy consumed in cell deformation during the cell-
cell adhesion (Evans 1980). In their study, the energy balance between the 
shear energy, the bending energy and the chemical energy associated with 
cell-cell adhesion was studied. In analyzing a well-controlled symmetrically 
deformed normal RBC, the deformation energy, including both the bending 
and shear energies, could be calculated from the cell shape. The deformation 
energy equalled the adhesion energy. The effect of the bending modulus on 
cell-cell adhesion, especially the contact area, was studied further in adhesion 
between vesicles and substrates both in simulations and experiments (Allen et 
al. 2009; Nam et al. 2011). However, the effect of shear elastic modulus on the 
resultant cell-cell contact area was only studied in simulation by Liu et al (Liu 
et al. 2007). In the simulation, the effect of the surface binding ligand density 
and the membrane shear elastic modulus were discussed. While a higher 
binding ligand density leads to a larger contact area, the lower shear elastic 
modulus can produce a larger contact area. However, the effect of the shear 
elastic modulus on cell-cell contact area has not been studied experimentally.  
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Red blood cells have a bending modulus ranging from 1.7 to 7×10
-19
 Nm 
(Evans 1983; Dao et al. 2003), and a shear elastic modulus of 6 to 10×10
-6 
N/m for normal RBCs (Evans 1973; Henon et al. 1999; Dao et al. 2003) and of 
10 to 100×10
-6 
N/m for malaria-infected RBCs (Mills 2007). Due to the small 
bending modulus compared to the shear elastic modulus, the bending energy is 
negligible when a RBC is deformed (Evans 1980). Thus, when a RBC is 
deformed and forms a contact area with another cell, only the shear energy is 
considered in the RBC deformation energy.  
IRBC binding assays have been used to study the effect of febrile temperature 
on malaria cytoadherence. In this assay, the percentage of adherent cells can 
be counted. Udomsangpetch et al showed that febrile incubation could 
significantly increase the number of adherent iRBCs (Udomsangpetch et al. 
2002). However, febrile temperature did not increase the expression of 
PfEMP1 at both the trophzoite and schizont stage (Oakley et al. 2007). Oakley 
et al also studied the molecular factors altered by febrile temperature, and 
found that 6.3% of genomes were altered by twofold or greater after febrile 
temperature incubation. Some of the factors may be associated with iRBCs 
sequestration. However, the altered genomes are functioning in a coordinated 
way and intricately linked, thus the final effect is unknown. Foller et al found 
an increased PS expression on nRBCs after febrile temperature incubation 
(Foller et al. 2010), while Pattanapanyasat et al found that febrile temperature 
can also increase surface expression of PS on the trophozoite and schizont 
stage iRBCs (Pattanapanyasat et al. 2010). Thus, PS might help cytoadherence, 
especially at the febrile temperature.  
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1.4 Hypothesis, Objectives and Scope of this Thesis  
1.4.1 Hypothesis 
In malaria asexual blood stage, many membrane proteins exported by malaria 
parasites can modify the iRBC membrane, and change the cell mechanical 
properties (Andrews et al. 2002; Glenister et al. 2002; Flick et al. 2004; 
Kraemer et al. 2006; Mills 2007; Park et al. 2008; Pasternak et al. 2009). 
Cytoadherence of iRBCs to endothelium cells plays a central role in malaria 
pathogenesis (Fried et al. 1997; Miller et al. 2002; Rasti et al. 2004; Hviid 
2007; Rogerson et al. 2007). However, current anti-malarial drugs do not 
directly target cytoadherence, nor clear adhering iRBCs immediately (Hughes 
et al. 2010). Quinine can kill malarial parasites, but iRBC sequestration 
remains after 24 h of drug treatment (Marsh et al. 1995; Pongponratn et al. 
2003). Artemisinin, as a new drug compound, can clear parasites more 
effectively by targeting ring stage circulating iRBCs. However, artemisinin 
can not clear adhering trophozoite and schizont stage efficiently (Malaria 2005; 
White 2008; Cui et al. 2009). Thus, significant mortality is still observed 
within 24 h of drug treatment (Marsh et al. 1995). Due to the rising drug 
resistance to different anti-malarial drugs and compounds, there is a strong 
need of new compounds which can clear adhering asexual stage iRBCs faster 
and more efficiently. PfEMP1 is well-known to be the adhesive ligand in 
malaria cytoadherence. However, due to its large variation, it is difficult to 
target specific PfEMP1 (Flick et al. 2004; Kraemer et al. 2006). Thus, it is 
very important to study different factors affecting cell-cell adhesive strength. 
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By studying cell behaviors in cell-cell adhesion, potential factors discovered 
might provide new directions in anti-malarial drug investigation.  
In asexual blood stage, a reduced adherent percentage of schizont stage iRBCs 
was observed among several P. falciparum strains both in vivo and in vitro 
(Nash et al. 1992; Beeson et al. 2002; Madhunapantula et al. 2007). A 
computational model showed that a change in membrane shear modulus and 
membrane adhesive ligand density can directly affect cell-cell contact area 
which, in turn, would affect cell-cell adhesive strength (Liu et al. 2007). Here, 
a hypothesis is established that "the adhesion force between malaria-infected 
RBCs and endothelial cells is proportional to the contact area formed between 
two cells, and the size of contact area is related to both cell rigidity and 
surface ligand protein density". 
After malaria-infected RBCs are incubated at febrile temperature for a period, 
an increased adhesion percentage of iRBCs to host receptors was observed. 
The adhesion of ring stage iRBCs to host receptors was due to an increased 
transcription and trafficking of PfEMP1 to iRBC cell membrane under 
elevated temperature incubation (Udomsangpetch et al. 2002), but no change 
in PfEMP1 expression level was detected in trophozoite stage iRBCs 
(Udomsangpetch et al. 2002; Pattanapanyasat et al. 2010). At elevated 
temperature, there is a change in cell membrane shear modulus (Mills et al. 
2007). Thus, it is speculated that the change of cell membrane shear modulus, 
as well as the increased PS expression would affect the adhesion force and 
contact area between the mature stage iRBCs and CHO cells.  
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1.4.2 Objectives  
Micropipette aspiration was used to study the cell rigidity, and dual pipette 
step-pressure technique was used to study the cell-cell adhesion force. 
Here, the objectives were to:  
1. develop a protocol to study the cell-cell adhesion force, energy density and 
contact area between FCR3-CSA iRBCs and CSA-expressing Chinese hamster 
ovary (CHO) cells using dual pipette step-pressure technique at different 
temperatures.  
2. systematically investigate the change of cell-cell adhesion force, percentage, 
and contact area of different infection stages of FCR-CSA strain iRBCs and 
CHO cells. 
3. investigate the effect of febrile temperature on cell-cell adhesion force, 
percentage, adhesion energy density and contact area between trophozoite 
stage FCR3-CSA iRBCs and CHO cells. 
4. investigate the effect of iRBC membrane adhesive ligand density and 
membrane shear modulus on cell-cell adhesion force, contact area and 
adhesion energy density.  
The study of the binding strength between VAR2CSA and CSA-expressing 
cell and comparing with other host receptors should give a quantitative 
understanding between the severity of placental malaria and other malarias 
such as severe or cerebral malaria initiated by CD36 or ICAM-1. The study of 
febrile temperature on cell-cell adhesion strength as well as the different 
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parameters affecting cell-cell adhesion would provide a better understanding 
on how fever is affecting malaria pathogenesis.  
1.4.3 Scope of Work 
Here, the study relating to the asexual stage cytoadherence is presented using 
dual-pipette technique. The cell-cell adhesion force, adhesion percentage, 
contact area and adhesion energy density were studied. However, the single 
receptor-ligand adhesion was not assessed in this study. On malaria-infected 
RBC membrane, PfEMP1 proteins agglomerate on to the knob-like structure. 
There are, on average, 10 to 80 PfEMP1 proteins per one knob. The 
agglomeration of PfEMP1 proteins increased the complexity of single 
receptor-ligand study. Thus, in this study, only the cell-cell adhesion force was 
studied.   
This thesis particularly studied the cytoadhesion force between the FCR3CSA 
laboratory strain and CSA-expressing CHO cells. With various studies on 
CD36 and ICAM-1 already presented, CSA binding has seldom been studied 
due to the difficulty of obtaining the only one CSA binding VAR2CSA 
PfEMP1 in the 59 variant protein family.  
To study the febrile temperature effect on cytoadherence of iRBCs, 
trophozoite stage FCR3CSA laboratory strain was used. Previous research has 
been done to assess the binding ability of ring stage iRBCs at febrile 
temperature, but few studies have been done to check the binding ability at the 
mature stage, when trafficking of PfEMP1 has completed. The force of 
adhesion, percentage of adhesion, and adhesion energy density are calculated 
and compared under the condition of febrile temperature treatment, and the 
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calculation of adhesion force and energy density follows the well established 
theoretical models (Evans et al. 1991; Brochard-Wyart et al. 2003). Possible 
factors affecting adhesion force are assessed as well.  
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Chapter 2. Cytoadherence study of Plasmodium 
      falciparum-Infected RBCs to CSA 
Malaria parasites can significantly modify the host iRBC deformability and 
cytoadherent properties during the asexual stage. IRBC sequestration on host 
receptors can affect blood flow, which lead to capillary occlusion and is 
directly related to malaria pathogenesis. In an in vivo observation of cells 
sequestered in placenta, trophozoite stage iRBCs significantly outnumbered 
the schizont stage (Beeson et al. 2002). While this in vivo study suggested 
trophozoite stage being more responsible to cytoadherence, it is still of interest 
to study the adhesion strength of different stages, and the effect of cell 
deformability on cytoadherence.  
In this chapter, the adhesion force between asexual stage VAR2CSA iRBCs 
and CSA-expressing Chinese hamster ovary (CHO) cells was measured. The 
force was probed using the dual pipette step-pressure technique, and the 
measurement was done at room temperature. The main objectives were to,  
1. obtain the adhesion force and percentage between iRBCs of different stages 
and CSA-expressing CHO cells, and 
2. study the effect of cell membrane shear modulus and PfEMP1 expression 
level on cell-cell adhesion force.  
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2.1 Experimental Methods and Materials 
2.1.1 Sample Preparation 
a. Preparation of Malaria Parasites 
Plasmodium falciparum FCR3CSA laboratory strain was used in this study. 
This strain expresses VAR2CSA PfEMP1 and can bind to CSA host receptor. 
The cryopreserved samples were thawed and cultured in fresh human RBCs 
suspended in RPMI1640 (with L-Glutamine, BioWhittaker, Lonza) 
supplemented with HEPES (37.5 mmol/L), glucose (11 mmol/L), glutamine (4 
mol/L), gentamycin sulphate (28 mg/L) and human serum (10%). Continuous 
culture of the laboratory strain followed the protocol described in "Methods in 
Malaria Research" published by MR4 (Moll et al. 2008). Parasites were 
suspended in 50 ml cell culture flask with 20 ml of culture medium and 400 µl 
of fresh blood. Culture flask was kept in incubator with 5%    , 1%    and 
94%   . Culture medium was changed every two days by gently aspirating the 
supernatant medium while parasites and normal RBCs precipitating to the 
bottom of the culture flask. Fresh nRBCs were added every two-days to keep 
parasitemia not higher than 5%, and parasite in good condition. Parasitemia 
and parasite stage was examined by Giemsa-staining blood films.  
Since among the 59 PfEMP1 var gene families, only 1 var gene expresses the 
CSA binding var2CSA subdomain, and in each culture cycle, there is a 2% 
change in PfEMP1 transcription (Roberts et al. 1992), it is very important to 
select cells with CSA binding ability in continous culture. Panning on CSA-
expressing CHO cell to select CSA binding was done every month. Before 
panning, sorbitol-synchronization was used to synchronize infected RBC to 
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make sure the majority of parasites were at the same stage. When the 
synchronized cells were at late trophozoite stage, iRBC together with 25ml of 
culture medium was transferred into 50 ml culture flask, which was pre-seeded 
with confluent CHO cells. Culture flasks were kept at 37°C for 1 h, and 
rocked every 10 min to detach unbinding iRBCs or nRBCs.  After 1 h 
incubation, pre-warmed RPMI1640 medium was used to gently flush through 
the culture flask bottom, and unbound iRBCs were flushed away. Culture flask 
was examined under optical microscope to ensure the binding between iRBCs 
and CHO cells. 20 ml of parasite culture medium and 400 µl of fresh human 
RBC were then added to the culture flask together with CHO undetached for 
continuous culture.  
To prepare parasites for adhesion measurements, 500 µl of culture medium 
together with parasites was obtained from the culture flask. Parasites were 
washed by centrifugation at 1000 rpm for 5 min twice in pre-warmed 
RPMI1640 solution to remove culture medium. After centrifugation, 1 µl 
close packed RBCs (around       cells) was diluted in 20ml of pre-warmed 
testing medium. The testing medium together with iRBCs were kept at room 
temperature for 20 min before experiment to ensure a complete blocking of 
BSA on cell surface.  
b. Preparation of CHO Cells 
CSA-expressing CHO cells were cryopreserved at -80°C. The cells were 
thawed by gently placing the frozen tube at 37°C for 10min, followed by 
placing frozen medium together with suspended CHO cell into 50 ml Falcon 
tube. Pre-warmed RPMI1640 (with L-Glutamine, BioWhittaker, Lonza) was 
 33 
 
added drop by drop into the Falcon tube till 5 ml of RPMI1640 medium was 
added. Cells were washed by centrifugation at 1500 rpm for 5 min twice, and 
transferred into CHO cell culture medium prepared from 90% F-12K Medium 
(with L-Glutamine, ATCC), 9% Fetal Bovine Serum Gold (Origin: USDA, 
PAA, pre-warmed at 56°C for 30 min), and 1% pen-streptomycin. 6 ml of 
culture medium with suspended CHO cell was transfered to 25 ml cell culture 
flask and kept in incubator at 37°C. 
Subculture of CHO cells was done every two days or until CHO cells had 
grown to confluence. Cell growth was checked frequently, since after 
confluence, there was no additional place for cell to grow and cell death could 
occur. The starting amount of CHO cell was carefully controlled, thus CHO 
cell cultured in 25 ml cell culture flask could grow to confluence after a 2-day 
culture. In subculture, culture medium was aspirated and discarded into bleach, 
and 5 ml Accutase Cell Detachment Solution (Innovative Cell Technologies, 
Inc.) was added into the culture flask. Culture flask was then incubated at 
37°C for 10 min till CHO cells were detached. The detachment of CHO cells 
was examined under optical microscope. Suspended CHO cell together with 
Cell Detachment Solution was then transferred to 40 ml of RPMI medium 
which was pre-warmed at 37°C in 50 ml Falcon tube. Cells were centrifuged 
twice at 1500 rpm for 5 min, and then after removing the supernatant RPMI 
1640 solution, washed CHO cells were divided into half and transferred into 
two 25 ml culture flasks with 5 ml of culture medium. Culture flasks were 
kept at 37°C in incubator for another subculture.  
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In the continuous in vitro culture, the change of gene transcription is inevitable. 
Thus, CHO cell passages were recorded after each subculture, and after 25 
passages of subcultures, a new batch of CHO cell must be thawed to ensure 
the consistency of gene transcription, and CSA-expressing on CHO cell 
surface.  
After CHO cells had grown to confluence, they were detached using Accutase 
Cell Detachment Solution (Innovative Cell Technologies, Inc.) and washed 
twice in RPMI1640 by centrifugation at 1500 rpm to remove residual culture 
mediums on CHO cells. CHO cells were then re-suspended together with 
iRBCs in testing medium for 20 min before experiment. 
c. Preparation of Testing Medium  
In the dual pipette assay, cells were suspended in testing medium. The stock 
solution of testing medium was prepared by diluting 4g BSA powder 
(OmniPur, EMD) in 1×PBS solution with      and      , and stored in 
fridge at 4°C. The testing medium was prepared by further diluting the stock 
solution to prepare 500 µg/ml BSA-PBS medium. BSA powder was used to 
block the non-specific adhesion between cell and glass substrate, cell and glass 
micropipette tip, and between iRBCs and CHO cells.   
Testing medium was prepared freshly every day from stock solution, and it 
was pre-warmed before the experiment.  
d. Fluorescent Staining of PfEMP1 on IRBCs 
The staining of surface expressed PfEMP1 of FCR3CSA strain followed the 
description in previous publications  (Bengtsson et al. 2008). VAR2CSA 
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PfEMP1 antisera were obtained from Monica Diez-Silva (Suresh Group, MIT) 
and anti-mouse immunofluorescent protein Alexa Fluor 555 was purchased 
from Invitrogen. iRBCs were synchronized before staining, and trophozoite 
stage iRBCs were washed in RPMI by centrifugation (1500 rpm, for 5 min). 
iRBCs were re-suspended in testing medium.  Antisera were added in a ratio 
of 1:600 into iRBCs suspension, and the whole suspension was incubated at 
room temperature for 1 h. Then iRBCs were washed again 3 times by 
centrifugation, and Alexa Fluor 555 was added in a ratio of 1:1000 in cell 
suspension. The suspension was incubated in dark at room temperature for 1 h. 
After incubation, cells were washed again using testing medium and checked 
under optical microscope.    
e. Fluorescent Staining of CSA on CHO Cells 
The expression of CSA on CHO cells was confirmed by fluorescent staining 
with CSA antibody. Cells were first detached using Accutase Cell Detachment 
Solution, washed in RPMI1640 by centrifugation for 5 min at 1500 rpm. Cells 
were then fixed by 4% freshly prepared paraformaldehyde (PFA) and placed 
in fume hood for 15 min. Then cells were washed three times in testing 
medium. PFA fixed cells were stored at 4°C for future use. The fixed cells 
were then re-suspended in testing medium. CSA antibody (Anti-Chondroitin 4 
Sulfate, clone BE-123, Millipore) was added in cell suspension at the ration of 
1:300, and incubated for 1 h at room temperature. Then cells were washed 
three times in testing medium at centrifugation speed of 1500 rpm for 5 min, 
and then re-suspended in testing medium. Immunofluorescent antibody (anti-
mouse) Alexa Fluor 488 (invitrogen) was then added at the ratio of 1:1000 in 
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cell suspension. Cells were incubated in the dark at room temperature for 1 h. 
After that they were centrifuged at 1500rpm for 5 min three times and washed 
using testing medium in dark. One drop of Vectorshield fluorescent mounting 
media was added to the re-suspended cell, and the medium was mounted onto 
fluorescent microscope to check the CSA expression on cell membrane.  
f. Blocking of PfEMP1 
To block PfEMP1, 100 µg/ml CSA powder was diluted directly in freshly 
prepared 400 µg/ml BSA-PBS solution. Washed parasites were incubated in 
the solution for 20 min at 37°C before experiment, to allow a complete 
blocking ofPfEMP1 by soluble CSA. A control group of 500 µg/ml BSA-PBS 
was prepared to study the effect of CSA specific blocking on PfEMP1, 
keeping the total amount of molecule concentration constant. 
2.1.2 Adhesion Force and Energy Density Measurements 
a. Dual Pipette Assay 
Dual pipette assay was used to measure the adhesion force between FCR3-
CSA iRBCs and CSA-expressing CHO cells.  
The dual pipette step-pressure assay was constructed following the description 
by Nash et al (Nash et al. 1992; Nash et al. 1992). In this assay, micropipettes 
with tip inner diameter of 1-2 µm were used to hold single cells. The 
micropipette was connected to a water column, and a negative aspirating 
pressure was applied through this water column. Cells could be manipulated 
by the tip, and the controlling force, which was the multiplication of the force 
and the micropipette inner area, could be obtained. The force at which the cell-
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cell adhesion was detached was recorded as the adhesion force. The details of 
the dual pipette technique is described below. 
Borosilicate glass (Sutter) tubings with outer diameter of 1 mm, inner diameter 
of 0.5 mm, and length of 10cm were used to fabricate the micropipettes. The 
borosilicate glass tubings were mounted onto a Sutter 2000 micropipette puller. 
The pulling speed, heating time and melting power was pre-set to optimal 
condition in micropipette puller. Borosilicate glass was melted in the middle 
by the laser power. 
After the glass tubing was broken in the middle into two sharp tips, the glass 
tip was then mounted onto the Narishige Microforge to cut and forge the tip 
into a proper inner diameter. Figure 2.1 shows the borosilicate glass tubings 
with sharp tips as micropipettes.  
 




The chamber used to hold the suspended cell and testing medium was made 
from one 22×60 mm cover slip, one 22×22 mm cover slip and parafilm. 12 
layers of parafilm were put together and cut into proper shape. Parafilm was 
placed between the two cover slips to separate them. The cover slip with 
parafilm separator was placed on heating plate at 80°C for half an hour. While 
the parafilm was partially melted, it could adhere to the cover slip. Thus, a 
chamber with parafilm separating at the middle and covered by two cover 
glasses to hold cells was made. Figure 2.2 shows the sample holding chambers.  
 
Figure 2.2. Sample holding chambers made from two cover glass and parafilm 
separators. 
 
As shown in Figure 2.3, the dual pipette system comprises one Olympus 71x 
microscope, one CCD camera, two Eppendorf micromanipulator, one syringe 
pump (Harvard Apparatus PHD 2000), two 10 ml Falcon pipets as water 
columns to provide water pressure, one pressure transducer (Validyne), one 




Figure 2.3. Schematic drawing of micropipette system for dual pipette 
technique (two micropipettes). The cell mounting chamber with the sample 
was mounted on a microscope for observation, and the micropipettes were 
connected to a pressure controlling water column system. Pressure was read 
by a pressure transducer, and the height of water column was controlled by an 
externally connected syringe pump. 
 
The Olympus 71× microscope was used to observe the testing of the cells and 
record images. Cells were viewed using 100× oil lens with additional 1.6× 
magnification. DIC filters were used to enhance cell image contrast. A CCD 
camera was used to capture individual and continuously captured images, as 
well as videos if necessary. The Eppendorf micromanipulator is a motorized 
micromanipulator, which can be used to control the position and movement of 
the micropipette in steps down to a few micrometers. The syringe pump and a 
manually controlled syringe were used to inject water into water column and 
control the water column height. Thus, a negative or positive pressure could be 
applied at the micropipette tip. The P55 compact differential pressure 
transducer (Validyne Engineering) was used to give a voltage reading, and the 
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voltage reading could be converted to pressure. The CellTram
®
 vario 
(Eppendorf) was connected to the right micropipette. It provided a negative 
suction pressure to hold the cell, which is usually the binding target.  
In the dual pipette assay procedures, the CHO cells were held in the right 
pipette with a negative suction pressure (Figure 2.4). The negative suction 
pressure was large enough, thus the CHO cell was held stably during the 
procedure. The iRBC was held and manipulated by the left pipette. Before 
force measurements, the CHO cell and the iRBC were kept in contact for a 
duration of 5s, 30s and 50s (Figure 2.4 (1)) to allow the cell-cell adhesion 
reaching an equilibrium state. Once the adhesion established, the suction 
pressure in the left pipette increased in a step of 7.848 Pa till the iRBC and the 
CHO cell were separated (Figure 2.4 (2) - (13)). The suction pressure at cell 
separation was recorded, and the adhesion force was calculated as the product 




Figure 2.4. Optical microscope images detailing the dual pipettes step-pressure 
technique. (1) One iRBC was placed on the CHO cells for a contact duration. 
(2)-(12) The aspirating pressure in the left micropipette was increased (P1 < 
P2 < P3 < P4 < P5 < P6) and attempts were made to pull the iRBC away from 
the CHO cell. (13) When the aspirating pressure or force applied was higher 
than the adhesion force, the iRBC was then able to detach from the CHO cell. 
 
b. Adhesion Force Measurements 
The reading from the pressure transducer, which was in voltage, corresponded 
to the relative pressure of water column 1 to water column 2, as shown in 
Figure 2.3. Thus, it was very important to find the absolute pressure as well as 
the conversion factor between pressure and output voltage. Once the absolute 
pressure was obtained, the force to detach the two cells could be simply 




The zero pressure was first obtained by carefully adjusting the height of water 
column 1, while keeping water column 2 height constant. To determine a 0 
pressure, a cell was placed in front of the right micropipette tip. When it was 
neither blown away nor aspirated into the pipette, the reading in the voltage 
meter was recorded as zero pressure or    which was corresponded to. Figure 
2.5 is a schematic drawing of a cell being aspirated by the zero pressure. It is 
neither blown away nor aspirated into the micropipette.  
 
Figure 2.5. Schematic drawing of determining the zero pressure. When the 
RBC is neither aspirated into the micropipette nor blown away, the aspiration 
pressure is the same as the atmospherical pressure. It is recorded as at zero 
aspiration pressure.  
 
The relationship between pressure and output voltage was calibrated by 
making water level in water column 1 reached different volume markers on 
the 25 ml Falcon pipet. The distance between each volume marker was pre-
measured to be 2 cm. Thus, by assuming the absolute pressure when water 
level reaches marker 3ml to be   
  and 4ml to be   
 , the pressure difference 
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between   
 and   
  was calculated from the difference in water level height Δh 
and tap water density ρ,   ρ   , where g is the standard gravity defined to 
be 9.807 m/s
2
. When the corresponding voltage reading was recorded as water 
column reached maker 3, 4, 5, 6 and 7, it was found to be linearly dependent.  
Table 2.1 shows a typical experimental measurement of the voltage 
corresponding to each water column, and the slope L of the linear relationship 
could be obtained by curve fitting.  
Table 2.1. Voltmeter reading adapted from one experiment data where voltage 
readings were obtained at different water levels or volume markers on the 
Falcon pipet. 
 







The change in the voltmeter reading with 1 ml change in volume maker on the 
pipet (or 2 cm change in height) was found to be 0.7288 V. 
The pressure corresponding to 0.7288V change in voltmeter reading was 
calculated as,  
  ρ                                       2.1 
Thus, if we know the corresponding voltage reading at 0 pa or   , the pressure 
at any water level height can be calculated as, 
                              2.2  
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Here    is the pressure of water column,    is the corresponding voltmeter 
reading of   ,    is 0 Pa at absolute pressure, and    is the corresponding 
voltmeter reading at 0 Pa, which was measured at the beginning of the 
experiment. Thus, the value    can be calculated as, 
                        2.3 
The separation pressure was determined as the pressure at which the two cells 
were separated. The adhesion force as calculated from the multiplication of the 
separation pressure and the inner intersectional area of the micropipette,  
    π 
       π                 2.4 
Where r is the inner diameter of the pipette tip.  
c. Contact Diameter Measurements 
Images were taken using CCD camera (QImaging), and the contact diameter 
formed between adhesive iRBCs and CHO cells was measured using Image-J 
directly from the microscope images with pre-calibrations.  
d. Adhesion Energy Density Calculation 
Since the adhesion force is proportional to the contact area being formed, as 
suggested by Evans et al and several other studies (Evans et al. 1981; Evans et 
al. 1984; Evans et al. 1991; Brochard-Wyart et al. 2003; Evans et al. 2004), 
the adhesion energy density, which is defined as the energy to separate a unit 
contact area, was used to quantify the strength of adhesion.   
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Classical Young equation was used to calculate the adhesion energy density 
between iRBCs and CHO cells. Figure 2.6 illustrates such a configuration of 
the adhesion being formed.  
 
Figure 2.6. Schematic representation of adhesion energy density calculation of 
two adhering cells. 
 
As shown in Figure 2.6, with known inner diameter of micropipette RP, and 
measurable contact angles θP, cell diameter when stretched Dc, and contact 
diameter D, the tension acting close to the contact rim Tm can be calculated as, 
       π    θ          2.5 
where Fp is the force exerted by the aspirating pressure through the 
micropipette.      
The adhesion energy density wa is defined as, 
           θ            2.6 
where θ  is the angle formed between the cell membrane of stretched cell and 
adhesive target cell close to the contact area. Since θ  is generally 90° when 
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cells are stretched, the adhesion energy density could be estimated as the local 
tension   .  
2.1.3 Cell Deformability Measurements 
Micropipette aspiration was used to probe the cell deformation, and this 
technique has been described in several publications (Hochmuth 2000; Lim 
2006).  In this technique, a micropipette with inner diameter of 1-2 µm was 
used to aspirate an iRBC. By applying a negative suction pressure, the iRBC 
was deformed and aspirated into the small pipette.  Figure 2.7 shows (A) the 
schematic drawing of a cell being aspirated, and (B) the optical microscopy 
image of an RBC being aspirated.  
 
Figure 2.7. (A) Schematic drawing of a cell being aspirated. The micropipette 
inner diameter RP, the length of elongation    , and the aspiration pressure    
are used to calculate the membrane shear elastic modulus. (B) Optical 
microscope image of a human RBC being aspirated (scale bar = 5 μm). 
 
The hemispherical-cap model was used to calculate the cell membrane shear 
elastic modulus. This model was developed by Evans, Chien and Waugh et al 
(Evans 1973; Chien et al. 1978; Waugh et al. 1979) with the assumption of 
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constant membrane area. Chien et al linearized the model to give a simple 
relationship between the membrane elongation and applied negative pressure 
as, 
        μ                   2.7 
with 
                 2.8 
In this relationship, µ is the membrane shear elastic modulus, ΔP is the applied 
negative pressure,    is the pipette inner diameter, and     is the aspirated 
length of the cell membrane into the pipette. It is assumed that under the 
assumption of  
  
  
  , membrane bending modulus is small and with a fixed 
shear elastic modulus µ,     is linearly proportional to ΔP. From the linear 
relationship, shear modulus µ can be calculated. The typical value of normal 
RBCs measured by micropipette aspiration is 6-9 pN/µm (Hochmuth 2000). 
Figure 2.8 below shows a typical linear relationship between aspirated length 





Figure 2.8. Plot of aspirated length vs suction pressure from one of the 
micropipette aspiration experiments. A linear relationship between aspirating 
pressure and aspirated length is shown.  
 
2.1.4 Statistical Analysis 
Box charts were used for data presentation. Statistical significance was 
determined by Student's t-test  with equal variance not assumed. p values of 
<0.05 were considered statistically significant.  
2.2 Results 
2.2.1 Examination of Binding Receptor on Testing Cells  
Before the testing of cytoadherent force, it is very important to check the 
surface expression of adhesive receptors (CSA) and ligands (PfEMP1). 
Monoclonal antibody fluorescent staining was used to check the expression of 
adhesive receptors and ligands. Trophozoite and schizont stage iRBCs were 
stained by VAR2CSA antisera, and followed by Alexa fluor 555. The staining 
of PfEMP1 on cell membrane is shown in Figure 2.9. 
y = 0.0267x + 1.11 
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Figure 2.9. Optical and fluorescence microscopic images of Alexa Fluor 555 
stained PfEMP1 on the mature stage iRBCs. (A). PfEMP1 proteins were 
evenly distributed on the iRBC surface, and (B). PfEMP1 protein distribution 
was spotty (scale bar = 5 µm). 
 
Figure 2.9 shows the staining of PfEMP1 on late stage malaria-infected RBC. 
Under optical microscope, it can be seen that after panning and selection, more 
than 90% of iRBCs at the mature asexual stage correctly expressed 
VAR2CSA PfEMP1 on the cell membrane. However, the amount of PfEMP1 
expressed on cell surface varied significantly from cell to cell. More than 70% 
of iRBCs expressed uniformly distributed PfEMP1 as shown in Figure 2.9 (A). 
However, there were still 30% of iRBCs expressed PfEMP1 sporadicallyas 
shown in Figure 2.9 (B).  The non-uniform distribution of PfEMP1 on the 
iRBC surface might lead to a large variation of cell-cell adherent force.  
The CSA expression on the CHO cells was examined using monoclonal anti-
CSA protein and mouse monoclonal fluorescent protein Alexa Fluor 488. 




Figure 2.10. Optical and fluorescence microscopic images of Alexa Fluor 488 
stained CSA on CHO cells. Without CSA antibody, Alexa Fluor 488 stained 
cannot be observed as shown on the left panels, suggesting the fluorescent 
staining is specific to CSA (scale bar = 10µm).  
 
Figure 2.10 shows the bright field and green channel of CHO cells stained 
with anti-CSA and anti-mouse Alexa Fluor 488 fluorescent proteins. It can be 
seen that CSA were evenly distributed on the CHO cells, and almost all CHO 
cells were stained in green.  
2.2.2 Determination of Cell-Cell Contact Duration  
Cell-cell adhesive force may be affected by the duration the cells that are in 
contact with each other. In the process of achieving a stable cell-cell adhesion, 
a passive process and an active process are generally involved. The passive 
process involves the establishment of receptor-ligand interaction, deformation 
of cell membrane to form the contact area, and surface diffusion and 
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redistribution of receptors and ligands, if diffusive receptors and ligands are 
involved. The active process involves the re-distribution of cytoskeleton, and 
the establishment of focal adhesion through re-arrangement of cell micro-
structure. The time scale of the passive process is a few seconds, and that of 
the active process may involve a few hours (Bell 1978).  
In the adhesive interactions between the iRBC and CHO cells, there is no 
evidence that the focal adhesion is involved. Thus, only the passive process 
involving PfEMP1 binding to CSA, and the iRBC deformation were 
considered in this study.  
Three contact durations, 5s, 30s and 50s, were selected to study the effect of 
contact duration on the adhesion force between iRBCs and suspended CHO 
cells. Figure 2.11 shows the adhesion force measured in these three contact 
durations.  
 
Figure 2.11. Adhesion force measured at contact durations of 5s, 30s and 50s. 
There is no significant change between three adhesion forces, suggesting that 






























Figure 2.11 shows that the cell-cell adhesion between iRBCs and CHO cells 
was quickly established within 5s, and the adhesion forces measured at contact 
duration of 5s, 30s as well as 50s were similar to each other (p>0.05). Thus, 
contact duration of 30s was chosen to be the contact duration to measure the 
adhesion force between different stages of iRBCs and CHO cells at room 
temperature.  
2.2.3 Adhesion Measurement Tests at Different Asexual Stages  
a. Stage Identification 
The asexual cycle is divided into three stages, namely ring, trophozoite and 
schizont stages. During the three stages as malaria parasites develop inside the 
human RBCs, various proteins produced by malaria parasites modify iRBCs. 
The major adhesive ligand, PfEMP1, starts its transcription at the ring stage 3 
h post invasion, and the PfEMP1 transcription reaches its peak value at 12 h 
post invasion. The expression of PfEMP1 on cell surface starts at 14 to 16 h 
post invasion, and reaches its maximum level 24 to 26 h post invasion (Gysin 
et al. 1999; Beeson et al. 2002; Duffy et al. 2002; Kyes et al. 2003). However, 
the appearance of knob structure only starts 24 to 36 h post invasion, and its 
density increases till 40 h post invasion (Gruenberg et al. 1983; Li et al. 2006).  
For our measurements, based on the stage of parasite development and the 
change of cell deformability, cells were divided into five stages: ring, early 
trophzoite, late trophozoite, early schizont and late schizont stages as shown in 




Figure 2.12. Optical microscope images of (A) nRBC, (B) Ring stage iRBC 
(red arrow indicates a ring shaped structure), (C) Early trophozoite stage iRBC 
(the PV, as indicated by the red arrow, radius is less than one third of the total 
cell radius), (D) Late trophozoite stage iRBC (the PV radius reaches 50% of 
the total cell radius), (E) Schizont stage iRBC (the PV radius is equal or larger 
than 50% of the total cell radius and a clear crystallized hemozoin was visible 
under microscope), and (F) Late schizont stage iRBC (the PV almost occupies 
the whole cell). 
 
As shown in Figure 2.12, the first stage, which is the ring stage, is defined as 
the appearance of a ring shaped parasite inside the RBC. However, there is no 
visible parasitophorous vacuole (PV) appearing in ring stage iRBCs. The ring 
stage appears during 0-12 h post invasion. For the early trophozoite stage, the 
PV diameter is less than 30% of the whole RBC diameter, and the early 
trophozoite stage appears 24-30 h post invasion. For the trophozoite to late 
trophozoite stage, the PV diameter is about 30% to 50% of the whole RBC 
diameter, but the crystallized hemozoin is not visible under optical microscope. 
The late trophozoite stage appears about 30 to 36 h post invasion. For the early 
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schizont stage, it appears after 36 h post invasion, and a visible hemozoin 
crystallization can be seen under optical microscope. The PV diameter is equal 
or larger than 50% of the RBC diameter. For the late schizont stage, the PV 
size occupies almost the whole cell body. Both the PV size and the appearance 
of hemozoin crystallization help in defining the asexual stages under optical 
microscope .  
b. Adhesion Percentage of Different Asexual Stages 
In the adhesion measurement, contact duration of 30s was used to achieve a 
stable adhesion, and the adhesion force between iRBCs and CHO cells was 
measured. In total, 100 nRBCs, 50 ring stage iRBCs, 54 early trophozoite 
stage iRBCs, 132 late trophozoite stage iRBCs, 91 early schizont stage iRBCs 
and 29 late schizont stage iRBCs were measured. Each stage was measured on 
five different days. The percentage of adhesion was calculated from the 
number of iRBCs, which could adhere to CHO cells divided by the total 





Figure 2.13. Percentage of adhesion between nRBCs, and iRBCs at ring, early 
trophozoite, late trophozoite, early schizont and late schizont stages to CSA-
expressing CHO cells. No adhesion was obtained between nRBCs to CHO 
cells, and ring stage iRBCs to CHO cells. The experiments were carried out at 
room temperature with binding target of CSA on CHO cells (Tests were 
carried out on 5 diffierent days for each group). 
 
Figure 2.13 shows that the BSA effectively blocked the non-specific adhesion, 
and no adhesion was found between nRBCs and CHO cells. There was no 
adhesion between ring stage iRBCs and CHO cells, which is as expected as 
there was no PfEMP1 expressed on the iRBC surface. Between early 
trophozoite and late trophozoite stage iRBCs, the percentage of adhesion was 
similar (60±24.6% of early trophozoite stage, and 58.9±21% of late 
trophozoite stage). At early schizont stage, a significant increase in adhesion 











































iRBC was 80.5±15.1%. At late schizont stage, the adhesion percentage 
decreased significantly to 44.7±14.1%. 
c. Adhesion Force of Each Stage 
The forces of adhesion between early trophozoite, late trophozoite, early 
schizont and late schizont stage iRBCs to CHO cells are shown in Figure 2.14.   
 
Figure 2.14. Adhesion forces of early trophozoite, late trophozoite, early 
schizont and late schizont stages iRBCs to CHO cells. While early schizont 
stage iRBCs exhibited a significantly higher adhesion force (p<0.005), the 
adhesion force of all other stages were similar. The experiments were carried 
out at room temperature. 
 
The adhesion force measured between early trophozoite stage iRBCs and 
CHO cells was 111.27±64.34 pN, and late trophozoite it was 118.28±68.55 pN. 
At early schizont stage it was 255.29±110.93 pN, and at late schizont stage it 








































early trophozoite to late trophzoite stage iRBCs. However, there was a 
significant increase in adhesion force between early schizont stage and all 
other stages, with p<0.005 as measured by Student's t-test. At late schizont 
stage, both the adhesion force and percentage of adhesion significantly 
decreased as compared to that at the early schizont stage.  
d. Contact Diameter of Each Stage 
In order to check the association between adhesion force and size of the 
contact area, the contact diameter of iRBCs spreading on CHO cells before 
being aspirated, or that of each detachment step was examined. A typical 
experimental procedure of one iRBC being detached from one CHO cell is 
shown in Figure 2.4 in Section 2.1.2 Adhesion Force and Energy Density 
Measurement. The diameter of the initial contact formed between two cells, as 
shown in Figure 2.4 (1), and the diameters of the contact in subsequent pulling 
steps, as shown in Figure 2.4 (2), (4), (6), (8), (10) and (12) were measured.  
Figure 2.15 shows the initial and subsequent contact diameter from a 
particular experiment.  In this particular measurement, the diameter of the 
initial contact was 3.58 µm. During the subsequent detaching steps, the 
contact diameter varied from 3.1 µm to 2.1 µm. A 41% reduction was found 
between the initial contact diameter (Figure 2.4 (1)) and the final contact 
diameter (Figure 2.4 (12)) when an aspirating pressure increased from 39 pa to 




Figure 2.15. The initial contact diameter and contact diameters at each 
detaching step before the final detachment vs. the applied pulling pressure 
from a particular measurement.   
 
Figure 2.14 shows a continuous contact area between the iRBC and the CHO 
cell. In very few cases, the contacts were found to be discrete contact points. 
Figure 2.16 shows an early trophozoite stage iRBC being adhered to CHO cell 
through two discrete contact points (indicated by white arrows). The multiple 
point contacts were observed only on one early trophozoite stage iRBC and 
one late trophozoite stage iRBC. The contact diameter was measured by 
measuring the size of the two point contacts, and the membrane in between 




Figure 2.16. Optical microscope image of two point contacts formed between 
the iRBC and the CHO cell. White arrows indicate the adhesive point contacts. 
The discrete point contacts come from very low PfEMP1 expression level. The 
size of all the point contacts is the contact diameter (scale bar = 5 μm). 
 
In order to examine how much contact area was reduced during the detaching 
procedure, and if a larger initial contact diameter would lead to a larger final 
contact diameter of the last pulling step, the initial contact diameter was 
compared with the final contact diameter. In total 22 early trophozoite stage, 
31 late trophozoite stage, 42 early schizont stage and 7 late schizont stage 
iRBCs were examined. Figure 2.17 shows the initial and final contact diameter 




Figure 2.17. The initial and final (before the iRBC was completely detached 
from the CHO cell) contact diameters were compared in (A) early trophozoite, 
(B) late trophozoite, (C) early schizont and (D) late schizont stages.  
 
In Figure 2.17, the initial contact diameter when one iRBC placed on one 
CHO cell (as shown in Figure 2.4 (1)) was compared with the final contact 
diameter before the last step when the iRBC was detached from the CHO cell 
(as shown in Figure 2.4 (12)). For early trophozoite stage iRBCs, the initial 
contact diameter was 1.51±0.65 µm, and the final contact diameter was 
1.61±0.9 µm. No significant reduction was observed in the early trophozoite 
stage. For late trophozoite stage iRBCs, the initial contact diameter was 
1.6±1.2 µm, and the final contact diameter was 1.34±0.73 µm. A 16% 
reduction in contact diameter was observed, but the change was not significant. 
For early schizont stage, the initial contact diameter was 3.14±1.52 µm, and 
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the final contact diameter was 2.37±0.23 µm. A 25% reduction was observed, 
and a significant reduction was observed if the initial and final contact 
diameters were compared. For late schizont stage, the initial contact diameter 
was 1.41±1.63 µm, and the final contact diameter was 0.92±0.4 µm. A 35% 
reduction in contact diameter was observed, but the change was not significant.  
The initial contact diameter formed when one iRBC was placed on one CHO 
cell was compared among the four iRBC stages, as shown in Figure 2.18.  
 
Figure 2.18. The initial contact diameter formed when one iRBC was placed 
on one CHO cell.  
 
In Figure 2.18, the initial contact diameter after one iRBC was placed on one 
CHO cell was compared among the four stages of malaria-infected RBCs. The 
contact diameter formed between early trophozoite iRBCs and CHO cells was 






































µm, between early schizont iRBCs and CHO cells it was 3.14±1.52 µm and, 
between late schizont iRBCs and CHO cells it was 1.41±1.63 µm. No 
significant difference was observed between "early trophozoite", "late 
trophozoite" and "late schizont" groups. However, a significant increase 
(p<0.005) in the initial contact diameter was observed between the "early 
schizont" group and all other three groups.  
The final contact diameter before the iRBC was completely detached from the 
CHO cell was compared among the four groups, as shown in Figure 2.19.   
 
Figure 2.19. The final contact diameter measured before the iRBC was 
completely detached from the CHO cell of early trophozoite, late trophozoite, 
early schizont and late schizont stages.  
 
In Figure 2.19, the final contact diameter before the iRBC was completely 








































infected RBCs. The contact diameter formed between early trophozoite iRBCs 
and CHO cells was 1.61±0.9 µm, between late trophozoite iRBCs and CHO 
cells it was 1.34±0.73 µm, between early schizont iRBCs and CHO cells it 
was 2.37±0.23 µm and between late schizont iRBCs and CHO cells it was 
0.92±0.4 µm. No significant difference was observed between the "early 
trophozoite", "late trophozoite" and "late schizont" groups using Student's t-
test. The final contact diameter of "early schizont" group was significantly 
higher compared to all other three groups, with a p<0.05.  
By comparing the initial and final contact diameter, it was found that, 
1. Before the iRBC was completely separated from the CHO cell, only 20% to 
30 % reduction in contact diameter was observed, and a larger initial contact 
diameter led to a larger final contact diameter.  
2. Both the initial and final contact diameters formed between the early 
schizont stage iRBCs and CHO cells were significantly larger compared with 
the contact diameter of other three groups.  
e. Determination of Separation Energy Density 
The calculation of membrane tension close to the contact rim and the adhesion 
energy density is described in Section 2.1.2 Adhesion Force and Energy 
Density Measurement. Figure 2.20 shows the change of membrane tension vs. 





Figure 2.20. Cell membrane tension vs. applied aspiration pressure from step-
pressure detaching process. The pressure incremental in each step was 7.848 
pa.  
 
In Figure 2.20, an increased cell membrane tension close to contact rim is 
shown. The increase in cell membrane tension was related to the increase in 
applied aspirating pressure in each pulling step. Under the maximum 
membrane tension, the two cells were immediately detached. Thus, the 
maximum membrane tension to detach the two cells was recorded as the 
membrane tension at separation, and the adhesion energy density was 
calculated from the maximum membrane tension. 
In total, 22 early trophozoite stage, 31 late trophozoite stage, 42 early schizont 
stage and 7 late schizont stage iRBCs were used to measure the adhesion 
energy density. In order to calculate the adhesion energy density, a symmetric 
cell shape is required. At late schizont stage, the parasitophorous vacuole 
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occupied the whole cell volume, and a symmetric shape was very difficult to 
obtain. Thus, only seven late schizont stage iRBCs were used to calculate the 
adhesion energy density. Figure 2.21 shows the adhesion energy density of the 
four groups.  
 
Figure 2.21. The adhesion energy density of early trophozoite, late trophozoite, 
earlly schizont and late schizont stages iRBCs to CHO cells. There was no 
significant difference among the four groups. The experiments were carried 
out at room temperature with binding target of CSA on CHO cells. 
 
In Figure 2.21, the adhesion energy density calculated between early 
trophozoite stage iRBCs and CHO cells was 36.49±47.03 pN/µm. Between 
late trophzoite stage iRBCs and CHO cells, it was 35.85±29.52 pN/µm. 
Between early schizont stage iRBCs and CHO cells, it was 50.12±48.94 






































53.38±25.32 pN/µm. No significant difference was observed among the four 
groups using Student's t-test (p>0.05).  
From previous analysis, significant increases in both contact diameter and 
adhesion force were observed in the early schizont stage. However, there was 
no significant difference when the adhesion energy density was compared 
among the four stages. Thus, the increased adhesion force between early 
schizont stage iRBCs and CHO cells came from the ability of cells to form a 
larger contact area.  
A computational simulation has been performed to simulate the spreading of a 
vesicle on a substrate mediated by receptor-ligand binding (Liu et al. 2007). In 
this simulation, the membrane in-plane elastic shear modulus, the receptor 
density, and the receptor surface diffusivity affected the final contact area. In 
malaria-infected RBCs, PfEMP1 extruded from a knob structure, which 
connected directly to underlying spectrin network. Thus, a PfEMP1 diffusion 
was neglected in this study, and only the cell membrane shear elastic modulus 
and change of adhesive ligand density was discussed.   
f. Adhesive Ligands Involved in Cell-Cell Adhesion 
PfEMP1 is considered as the major adhesive ligand involved in bringing 
iRBCs and CHO cells to adhere to each other. Studies in FCR3 strain showed 
that the transcription of PfEMP1 started in ring stage 3 h post invasion, and 
the PfEMP1 appeared on cell membrane surface 14 to 16 h post invasion (late 
ring). The expression of PfEMP1 on cell membrane reached their maximum 
24 to 26 h post invasion (early trophozoite) (Gysin et al. 1999; Beeson et al. 
2002; Duffy et al. 2002; Kyes et al. 2003). In a recent study on staining the 
 67 
 
PfEMP1 of FCR3CSA strain, no significant difference in fluorescent intensity 
was found between early trophozoite to late schizont stage (Bengtsson et al. 
2008). This result further confirmed that the trafficking of PfEMP1 to cell 
membrane only occurred in a narrow time window. However,  the knob 
structure in FCR3 strain started to appear on cell surface 24 to 36 h 
(trophozoite) post invasion, and their density increased till 40 h (schizont) post 
invasion (Gruenberg et al. 1983). 
To examine if other adhesive ligands were involved in the binding process, 
100 µg/ml CSA powder was added to testing medium. The CSA was used to 
block the adhesion induced by PfEMP1. For each stage, 50 cells were tested 
per day and the tests were repeated for 5 days. However, after CSA blocking, 
no adhesion was observed among the 150 cells per each stage as shown in 
Figure 2.22.  
 
Figure 2.22. Percentage of Adhesion of early trophozoite, late trophozoite, 
early schizont and late schizont stage. 100 µg/ml CSA diluted in 500 µg/ml 
BSA-PBS solution to block the adhesion induced by PfEMP1. 500 µg/ml 






























g. Cell Membrane Shear Elastic Modulus 
Micropipette aspiration technique was used to study the iRBC membrane 
shear elastic modulus. In total, 20 early trophozoite stage cells, 27 late 
trophozoite stage cells, 30 early schizont stage cells and 10 late schizont stage 
cells were measured. The membrane shear modulus measured is shown in 
Figure 2.23.  
 
Figure 2.23. Cell membrane shear elastic modulus of early trophzoite, late 
trophozoite, early schizont and late schizont stage. A significant increase in 
shear elastic modulus was observed when the iRBCs matured from early 
trophozoite stage to late schizont stage. This test was done at room 
temperature in 10 mg/ml BSA-PBS cell suspension medium.  
 
The cell membrane shear elastic modulus is shown in Figure 2.23. The 
membrane shear elastic modulus at early trophozoite stage was 16.66±6.02 
pN/µm, at late trophozoite stage it was 19.48±6.65 pN/µm, at early schizont 








































pN/µm. A significant increase in shear elastic modulus was observed between 
early and late trophozoite stage, trophozoite and schizont stage, and early and 
late schizont stage with p<0.005 using Student's t-test. From early trophzoite 
stage to early schizont stage, only a 40% increase in shear elastic modulus was 
observed, and from early schizont to late schizont stage,  a 140% increase in 
shear elastic modulus was observed.  
h. Summary of Results 
The adhesion percentage, force, contact diameter, and the adhesion energy 
density measured at room temperature between the iRBCs and CHO cells are 
summarized in Table 2.2 below,  
Table 2.2. Summary of the adhesion percentage, force, contact diameter and 
the adhesion energy density measured between the iRBCs and CHO cells at 
room temperature.  
 








Percentage (%) 0 0 60±25 59±21 80±15 45±14 
Force (pN) NA NA 111±64 118±69 255±111 156±48 
Initial Contact 
Diameter (µm) 
NA NA 1.5±0.65 1.6±1.2 3.1±1.5 1.4±1.6 
Final Contact 
Diameter (µm) 




NA NA 36.5±47 35.9±29.5 51.1±48.9 53.4±25.3 
PfEMP1 
Expression 
NA NA No change from early trophozoite to late schizont stage (Gysin 




NA NA 16.7±6.02 19.5±6.65 23.4±7.19 56.6±15.6 
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2.3 Discussion  
In this chapter, the dual pipette step-pressure technique was used to study the 
cell-cell adhesion between FCR3CSA iRBCs and CSA-expressing CHO cells. 
In the first part, the immunofluorescent staining was used to examine the 
correct expression of adhesive ligand, and a dual pipette technique was used to 
examine the effect of contact duration on adhesion force between CHO cells 
and iRBCs. In the second part, a systematic study of cell-cell adhesion 
between iRBCs of different stages and CHO cells was carried out at room 
temperature. Malaria-infected RBCs from ring stage to late schizont stage 
were studied. In this part the cell-cell adhesion force, adhesion energy density, 
and the contact diameter of one iRBC being able to adhere to one CHO cell 
were shown. In the third part, factors affecting contact diameter were 
discussed.   
Through the immunofluorescent staining and examination of PfEMP1 on 
iRBCs, it could be seen that on majority iRBCs, PfEMP1 were evenly 
distributed. However, on some other iRBCs, the distribution of PfEMP1 was 
quite spotty. PfEMP1 is generally distributed on cell knob structure, and it has 
been shown in previous studies that at the mature stage of iRBCs, only one 
third of the knobs are expressed with PfEMP1 (Horrocks et al. 2005). Among 
those knob structures which expressed PfEMP1, there are on average about 
10-80 PfEMP1 proteins on one knob (Joergensen et al. 2010). Since the 
number of PfEMP1 and the structure of PfEMP1 on the knob structure 
strongly affect the adhesion force (Joergensen et al. 2010; Srivastava et al. 
2010), the resultant cell-cell adhesion forces are expected to have a large 
 71 
 
variation. However, if enough data are collected, statistical trend could still be 
observed and explained.  
In the study of contact duration in dual pipette force measurement, contact 
durations of 5s, 30s, and 50s were used. The adhesion between iRBCs and 
CHO cells were established very fast of within 5 s contact duration, and kept 
invariant with a longer contact duration. A 30s contact duration was used to 
measure the adhesion force of a stable adhesion in this work.   
In the second part of this chapter, the adhesion force and percentage of 
adhesion between iRBCs from ring stage to schizont stage and CHO cells 
were measured.  
No adhesion was observed between the nRBCs or ring stage iRBCs and CHO 
cells, and this suggests that within the resolution of the dual micropipette 
method, the non-specific adhesion did not contribute to the toal adhesion force 
significantly. The specific adhesion was brought by the interaction between 
PfEMP1 and CSA. PfEMP1 starts to appear on iRBC membrane 14 to 16 h 
post invasion, which is the late ring stage (Gysin et al. 1999; Beeson et al. 
2002; Duffy et al. 2002; Kyes et al. 2003). Thus, if there is no PfEMP1, or 
trace amount of PfEMP1 on ring stage iRBCs, the adhesion between iRBCs 
and CHO cells is not expected.  
The cell-cell adhesion started at early trophozoite stage. From early 
trophozoite stage to late trophozoite stage, there was no significant change in 
both the adhesion force and percentage of adhesion. The contact diameters 
formed between the iRBCs and CHO cells were similar for early and late 
 72 
 
trophozoite stage iRBCs, and the adhesion energy densities were similar too. 
In FCR3CSA strain, the trafficking of PfEMP1 protein only happens in a 
narrow window, from 14 h post invasion to 24 to 26 h post invasion (Gysin et 
al. 1999; Beeson et al. 2002; Duffy et al. 2002; Kyes et al. 2003). Thus, at the 
early trophozoite stage, it is expected that the increase of PfEMP1 expression 
has already stopped. A fluorescent staining confirmed that for FCR3CSA 
strain, there was no significant increase in PfEMP1 expression from early 
trophozoite stage to late schizont stage (Bengtsson et al. 2008). The cell 
membrane shear elastic modulus was measured, and it was found that from 
early trophozoite stage to late trophozoite stage, only 18% increase in shear 
elastic modulus was observed. The small change in shear elastic modulus 
could not affect the resultant adhesion force significantly.  Figure 2.24 shows 
that from early trophozoite stage to late trophozoite stage, either the cell 
membrane shear elastic modulus or the PfEMP1 expression level does not 
change. The adhesion force does not change either.   
 
Figure 2.24. Schematic drawings of (A) an early trophzoite stage iRBC being 
adhered to the CHO cell, and (B) a late trophozoite stage iRBC being adhered 
to the CHO cell. From early trophozoite stage to late trophozoite stage, either 
the cell membrane rigidity or the PfEMP1 expression level does not change. 
Hence, the resultant adhesion force does not change either.  
 73 
 
From late trophozoite stage to early schizont stage iRBCs, a significant 
increase in both adhesion force and percentage of adhesion was observed. The 
contact diameter formed between the early schizont stage iRBCs and CHO 
cells was significantly larger compared with other stages. However, there was 
no significant change in the adhesion energy density. Thus, the significantly 
increased force is speculated to come from a larger contact area.  
From a computational simulation (Liu et al. 2007), the size of the contact area 
formed between the iRBCs and CHO cells weas determined both by the 
adhesive ligand density, and the membrane shear elastic modulus. Thus, the 
two factors were checked. There was no significant change in the shear elastic 
modulus between the two stages, and for FCR3CSA strain, there was no 
significant change in PfEMP1 expression 16 h post invasion either (Gysin et al. 
1999; Beeson et al. 2002; Duffy et al. 2002; Kyes et al. 2003). Thus, from late 
trophozoite stage to early schizont stage, the increased contact area was not 
due to the increase in PfEMP1 expression nor the change in shear elastic 
modulus. However, in the studies of knob density on FCR3CSA iRBCs, it was 
shown that the knob structure appeared 24 to 36 h post invasion, and its 
density increased till 40 h post invasion (Gruenberg et al. 1983). Since the 
appearance of the knob structure was later than the appearance of PfEMP1, it 
was proposed that the PfEMP1 was first trafficked to the cell membrane, and 
then loaded onto knob structures (Horrocks et al. 2005). Moreover, it has been 
shown that the PfEMP1 binding affinity was related to its structures, and being 
loaded to a knob structure, the binding affinity changed (Joergensen et al. 
2010; Srivastava et al. 2010). From late trophozoite to early schizont stage, 
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there was no change in PfEMP1 expression density, but a change in knob 
density was observed. Thus, it is expected that a knob structure could increase 
the PfEMP1 binding efficiency, and the increased adhesion force from late 
trophozoite to early schizont stage was possibly due to the increase in knob 
density. Figure 2.25 shows that from late trophozoite stage to early schizont 
stage, a larger contact area is formed between the iRBC and the CHO cell.  
 
Figure 2.25. Schematic drawings of (A) a late trophozoite stage iRBC being 
adhered to the CHO cell, and (B) an early schizont stage iRBC being adhered 
to the CHO cell. From late trophozoite stage to early schizont stage, the 
PfEMP1 expression level does not change. However, the cell membrane shear 
elastic modulus only increases by 20%. It is suspected that the increased 
contact area and adhesion force come from the formation of knob structures.   
 
From early schizont stage to late schizont stage, a significant decrease in both 
adhesion force and percentage of adhesion was observed. The reduced 
adhesion force agreed with previous studies (Nash et al. 1992). In measuring 
the contact diameter and adhesive energy density, it was found that the 
reduced force came from the 50% reduction in contact diameter, but the 
adhesion energy density did not change significantly. After 40 h post invasion, 
it was expected that neither the knob structure nor the PfEMP1 expression 
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changed. However, a twofold increase in the cell membrane shear modulus 
was found from early schizont stage to late schizont stage. Thus, it was 
expected that the 50% reduction in contact diameter came from the twofold 
increase in cell membrane shear modulus. The contact diameter was inversely 
proportional to the shear elastic modulus, which agreed with the 
computational simulation (Liu et al. 2007). Figure 2.26 shows that from early 
schizont stage to late schizont stage, both the contact area and the adhesion 
force reduce significantly. The PfEMP1 expression level or the knob density 
does not change significantly. However, more than 100% increased cell 
membrane shear elastic modulus significantly reduces the adhesion force.  
 
Figure 2.26. Schematic drawings of (A) an early schizont stage iRBC being 
adhered to the CHO cell, and (B) a late schizont stage iRBC being adhered to 
the CHO cell. From early schizont stage to late schizont stage, the membrane 
shear elastic modulus increases significantly. It reduces both the contact area 
and hence, the cell-cell adhesion force.  
 
From early trophozoite stage to late schizont stage, the iRBCs were modified 
by malaria parasites through different ways: the adhesive ligand PfEMP1 
expression increased from late ring to early trophozoite stage; the knob 
structure density increased till early schizont stage; and the shear elastic 
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modulus increasd till late schizont stage. These factors could affect the 
resultant cell-cell adhesion force in different ways. From early trophozoite to 
early schizont stage iRBCs, an increase in both PfEMP1 and knob structure 
density significantly increased the adhesion force. However, from early 
schizont stage to late schizont stage, when both the trafficking of PfEMP1 and 
the construction of knob structure were over, the twofold increase in shear 
elastic modulus significantly decreased the resultant adhesion force. The 
findings presented in this chapter agree with previous studies that at late 
schizont stage, cells exhibited reduced adhesion ability due to the increased 
cell membrane shear modulus. However, in this study, early schizont stage 
exhibited strongest adhesion force measured using the dual-pipette technique. 
In the in vivo observation, trophozoite stage iRBCs sequestered more 
compared with schizont stage iRBCs. It is possible that iRBCs behave 
differently in static assay and under flow condition. In the static assay, the 
membrane shear modulus needs to be larger than 50 pN/μm in order to reduce 
the contact area. In a computational simulation of flow assay, with a 
membrane shear modulus being more than 20 pN/μm, the cell can already 
change its behavior from firm adhesion to that of flipping along the surface 
arising from the flow (Fedosov et al. 2011). Thus, in a flow situation, the cell-
cell adhesion might be more sensitive to the cell membrane shear modulus. As 
a result, trophozoite stage iRBCs are more likely to accumulate in the placenta 




Chapter 3. Effects of Febrile Temperature on  
     Cytoadherence 
Febrile temperature is one of the most benign symptoms in malaria. It occurs 
when a population of late schizont stage iRBCs rupture and merozoites are 
released into the blood circulation. The release of merozoites elevates 
circulating tumor necrosis factor (TNF) levels, which induces local 
inflammation and fever episodes (Kwiatkowski 1990; Miller et al. 2002; 
McKenzie 2007; Oakley et al. 2007). Since febrile episodes coincide with the 
rupture of a large population of schizont stage parasites, and last for 2 to 6 h, 
in a synchronized infection, it affects only the ring stage iRBCs of the next 
generation. However, in a malarial patient, asynchronous iRBCs are usually 
present (Robert et al. 1996; Beck et al. 1997; Konaté et al. 1999; Bendixen et 
al. 2001; Schleiermacher et al. 2002). In an asynchronous infection, when one 
population of iRBCs reaches the ring stage, other populations at the adhesive 
trophozoite and schizont stages sequesters in host organs, and febrile 
temperature can affect all three stages including ring, trophozoite and schizont 
stages.  
Studies have shown that a febrile incubation of more than 2 h  can lead to an 
apoptosis-like cell death to trophozoite and schizont stage iRBCs 
(Kwiatkowsky 1989; Aunpad et al. 2009; Foller et al. 2010). As the elevated 
temperature can kill mature stage parasites and reduce the total parasitemia in 
human body, it is benign to human host in this aspect. However, the actual 
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effect of fever episode to malaria pathogenesis, especially to cytoadherence, 
has not been studied in detail.  
Febrile temperature significantly increased the percentage of iRBC adhesion 
(Udomsangpetch et al. 2002). However, it could not alter the PfEMP1 
expression on trophozoite and schizont stage iRBCs, and the reason of 
increased adhesion remained unknown (Udomsangpetch et al. 2002; Porter 
2007). Recent studies showed that febrile temperature could stimulate the 
exposure of PS on iRBC membrane (Foller et al. 2010; Pattanapanyasat et al. 
2010). PS is a negatively charged phospholipid component, and it binds to 
various host receptors (Closse et al. 1999; Eda et al. 2002; Sherman et al. 2003; 
Betal et al. 2008). Thus, it is suspected that the increased adhesion under 
febrile temperature is affected by the PS exposure, and the adhesion force is of 
interest here.  
Febrile temperature can also change the RBC deformability. NRBCs are more 
deformable at febrile temperature (Hochmuth et al. 1987; Park et al. 2008), 
while iRBCs are more rigid at higher temperature (Mills et al. 2007; Park et al. 
2008). RESA increases the iRBC shear elastic modulus at ring stage, and at 
the mature stage, HSP is the main factor. Since the change of cell shear elastic 
modulus may play a role in affecting cell-cell adhesion force as discussed in 
the previous chapter, the change of cell membrane shear elastic modulus at 
febrile temperature should be considered as well.  
In this chapter, the binding between the trophozoite stage iRBCs and CSA-
expressing CHO cells was studied under the effect of febrile temperature. 
Since febrile temperature can induce cell death, cell viability under different 
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febrile temperature treatment was initially studied. The binding force under 
the effect of febrile temperature was then measured and compared with the 
binding force measured at physiologic and room temperatures. The effect of 
febrile temperature on the expression of PfEMP1, and possibly some other 
binding ligands such as PS were examined through flow cytometric analysis. 
Considering the possibility that under febrile temperature incubation, cell 
rigidity might change, the single cell shear elastic modulus was examined 
using the micropipette aspiration.  
3.1 Experimental Methods and Materials 
3.1.1 Sample Preparation  
The malaria iRBCs and CHO cells preparation were the same as described in 
Section 2.1.1 Sample Preparation. The preparation of testing medium and 
PfEMP1 inhibition medium was the same as described in Section 2.1.1 too. 
a. Blocking of PS 
Annexin V powder (BD Science) was used to block the PS on iRBCs before 
and after febrile temperature treatment. To block PS, after febrile temperature 
treatment,       cells were diluted in 20 ml of testing medium, which was 
prepared from 1×Annexin V binding buffer (BD Science) with 450 µg/ml 
BSA and 50 µg/ml Annexin V. A control group was prepared by diluting same 
amount of cells in 1×Annexin V binding buffer with 500 µg/ml BSA. The 
total amount of proteins in two groups was the same. Thus, the changes in 
adhesion force should be from the addition of Annexin V specific blocking. 
The amount of Annexin V added was sufficient to block all PS adhesion, as 
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described by Eda (Eda et al. 2002). Cells were incubated at 37°C for 20 min to 
allow the full binding of proteins on the cell surface.  
b. Blocking of Both PS and PfEMP1 
CSA (Sigma-Aldrich) was used to block PfEMP1, and Annexin V (BD 
Science) was used to block PS. To block both PfEMP1 and PS, after febrile 
temperature treatment,       cells were diluted in 20 ml of testing medium, 
which was prepared from 1×Annexin V binding buffer (BD Science) with 350 
µg/ml BSA, 50 µg/ml Annexin V and 100 µg/ml CSA. A control group was 
prepared by diluting the same amount of cells in 1×Annexin V binding buffer 
with 500 µg/ml BSA. The total amount of proteins in the two groups was the 
same, thus any changes in adhesion force should be from the addition of 
Annexin V and CSA specific blocking. The amount of Annexin V added was 
sufficient to block all PS adhesion, as described by Eda (Eda et al. 2002), and 
the amount of CSA added is sufficient to block all PfEMP1 adhesion, as 
described in Chapter 2. Cells were further incubated at 37°C for 20 min to 
allow the full binding of proteins on the cell surface. 
3.1.2 Temperature Controlling and Cell Viability Assays 
a. Febrile Temperature Incubation of IRBCs 
Water bath pre-set at 37°C and 40°C was used to pre-incubate the iRBCs for a 
period of time. IRBCs incubated at 37°C were used to provide a control at 
physiologic temperature, while at 40°C they were used to study the effects of 
febrile temperature incubation.  
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To incubate iRBCs at febrile temperature, 500 µl of parasites together with 
culture medium were directly aspirated from culture flask, placed in 1.5 ml 
Eppendorf tube and placed in the water bath. After incubation, parasites were 
washed using RPMI 1640 and prepared for experiments following the same 
procedure as described in Section 2.1.1 Sample Preparation.  
The incubation duration was set to be 1 h, 2 h and 6 h, and another control 
group was incubated at 37°C for the same period of time. Incubation 
temperatures at 40°C were used to study the febrile temperature effects on 
parasite survivability and cell adhesion.  
b. Experimental Temperature Control  
A heating plate (Linkam Scientific Instruments, UK) was used to provide a 
direct heating source, and to keep the sample temperature at the desired level 
during experiments. An objective warmer (Tokai Hit, Japan) was used to keep 
the 100× oil objective lens warm. Thus, the heat loss from the colder oil 
objective was prevented. A thermocouple thermometer was used to measure 
the testing medium temperature. 
The temperature could be accurately controlled within ±0.5°C, and the effects 
of temperature on both iRBCs and CHO cells during force measurements were 
assessed by adjusting the experimental temperature at 37±0.5°C and 40±0.5°C. 
c. CHO cells Viability Assays 
0.4% Trypan Blue (VWR) was used to test the CHO cell viability at elevated 
temperature. To examine CHO cell viability, 0.4% Trypan Blue was added to 
CHO cell suspension at the ratio of 1 Trypan Blue per 4 CHO cell suspension. 
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Dead cells were stained in blue, which could be easily observed using the 
optical microscope.  
d. IRBCs Viability Assays 
The viability of infected RBC at the trophozoite stage was examined directly 
under the optical microscope. Cells with visible moving parasites were alive.  
3.1.3 Adhesion Force and Energy Density Measurements  
Dual pipette step-pressure technique was used to measure the adhesion force 
and the adhesion energy density. The details of this technique are described in 
Section 2.1.4 Adhesion Force and Energy Density Measurements.  
3.1.4 Imaging the Expression of Binding Ligands 
The surface expression of adhesive ligands was examined using the 
immunofluorescent protein staining. Flow cytometry was used to check the 
change in the amount of surface expressed ligand. Mean fluorescent intensity 
(MFI), which is proportional to the amount of the surface receptor expressed, 
was recorded and compared before and after febrile temperature treatment.  
The staining of PfEMP1 on iRBCs followed the same procedures as described 
in Section 2.1.1 Sample Preparation. After staining, iRBCs were re-suspended 
in 0.05% BSA-PBS at a concentration of       cells/ml and the MFI of 
Alexa Fluor 555 was examined.  
FITC Annexin V Apoptosis Detection Kit I (               ) was used to 
check the PS expression on the iRBC surface. The staining protocol of 
Annexin V binding followed the protocol described by BD Science. IRBCs 
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were washed in cold 1×PBS with 0.05% BSA. Cells were then re-suspended 
in the 1x binding buffer provided by the detection kit at the concentration of 
      cells/ml. 100 µl of the solution was transferred to a 1.5 ml Eppendorf 
tube. 1 µl of FITC Annexin V was added into the solution. 1 µl DHE 
(Invitrogen) was added to the solution as well. DHE was used to bind to the 
live iRBCs DNA, and it could be used to differentiate live iRBCs, dead iRBCs 
and nRBCs. The Eppendorf tube was then placed in the dark at room 
temperature for 15 min before examination. 400 µl of 1x binding buffer was 
added and the solution ready for flow cytometric examination. 
3.1.5 Cell Deformability Measurements  
Micropipette aspiration technique was used to measure the cell membrane 
shear elastic modulus, and the detail of this technique is described in Section 
2.1.3 Cell Deformability Measurements.  
3.1.6 Statistical Analysis  
Box charts were used for data presentation. Statistical significance was 
determined by Student's t-test with equal variance not assumed. p values of 
<0.05 were considered statistically significant.  
3.2 Results 
3.2.1 Effects of Febrile Temperature on Cell Viability 
Tests at 37°C and 40°C were conducted to study the cell viability under 
different temperature treatments. These tests helped in designing the suitable 
experimental control to assess the febrile temperature effect on live cell 
adhesion and included: 
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1. Direct force measurement at 40°C. In this measurement both the 
iRBCs and the CHO cells were affected by the febrile temperature. 
2. IRBCs were pre-incubated at 40°C for 1 h, 2 h and 6 h, and force 
measurements were carried at 37°C. In this measurement, only the 
iRBCs were affected by febrile temperature. CHO cells were kept at 
37°C.  
In the first testing scheme when cells were directly measured at 40°C, live 
iRBCs could be observed under optical microscope with observable moving 
parasites inside the PV. However, adhesion between iRBCs and CHO cells 
was difficult to achieve. The viability of CHO cells was examined using the 
Trypan Blue staining after being placed at 40°C in testing medium for 30 min 
and 1 h. It was observed that after 30 min, more than 50% of the suspended 
CHO cells were stained in the dark, while after 1 h and at 40°C in testing 
medium, almost all CHO cells were dead. Figure 3.1 shows the live and dead 
CHO cells when they were suspended at 40°C in testing medium.  
 
Figure 3.1. Optical microscope image of live (bright) and dead (dark) CHO 
cells after being placed at 40°C for 30 min. Dead CHO cells are stained in 
blue by 0.4% Trypan Blue staining (scale bar = 10 µm). 
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A control group of CHO cell suspended in testing medium at 37°C was stained 
in Trypan Blue after 1 h incubation, and almost all cells were alive. Thus, at 
37°C the CHO cells could still function properly. However, at 40°C, the death 
of CHO cells would significantly affect the adhesion measurements.  
From the cell viability test of directly measuring adhesion force at 40°C, it 
was known that trophozoite stage iRBCs could withstand 40°C at least for 1 h. 
However, literature data have suggested that fever temperature would induce 
trophozoite and schizont stage parasite death after a few hours of incubation. 
Thus, the cell viability test of iRBCs being incubated at 40°C for 1 h, 2 h and 
6 h was examined before the adhesion force measurement. 
After 1 h incubation, the iRBCs were viewed under optical microscope. There 
was no significant change in iRBC morphology, and moving parasites were 
still observable. After 2 h incubation, dead iRBCs were observed, and in about 
50% iRBCs, the motionless parasites was observed. This thermo-killing effect 
is consistent with previous publications (Aunpad et al. 2009). After 6 h 
observation, it was difficult to find a live iRBC with moving parasites. More 
than 90% iRBCs were ruptured. Moreover, significant clustering between 
nRBCs and iRBCs, as well as between nRBCs and nRBCs was observed, as 




Figure 3.2. Optical microscope images showing clusters formed between (A, 
B and C) nRBCs (indicated by black arrows) and (D) ruptured iRBC 
(indicated by the red arrow) and nRBCs (indicated by black arrows) after 6 h 
incubation at febrile temperature (scale bar = 5 µm). 
 
After 6 h incubation at 40°C, trophozoite stage iRBCs were all killed, and 
ruptured iRBCs were observed. Moreover, adhesions were found between 
nRBCs to nRBCs, and nRBCs to iRBCs. The adhesion between normal and 
infected RBCs was not observed in the control group kept at 37°C. Since in 
our work, only the live cell-cell adhesion would be discussed, the 6 h 
incubation duration was not considered in the following sections.   
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3.2.2 Adhesion Measurements after Febrile Temperature Incubation 
a. Percentage of Adhesion after Febrile Temperature Incubation 
In the cell viability test at 40°C, it was observed that if the adhesive 
measurements were carried out at 40°C, more than 50% of CHO cells would 
be dead after 30 min. Incubation at 40°C for more than 2 h would lead to 
parasite death, and a 6 h-incubation would lead to the abnormal adhesion 
between nRBCs. Thus, the percentage of adhesion was examined at 37°C, 
after the iRBCs were incubated at 40°C for 1 h and 2 h. The results were   
compared with the adhesion percentage at 23°C and 37°C.  
In total, 75 late stage iRBCs were tested at room temperature (23°C), 223 cells 
at 37°C without febrile temperature incubation, 181 cells at 37°C after 1 h 
incubation at 40°C and 74 cells at 37°C after 2 h incubation at 40°C.  Tests 
were carried out on five different days for each group, and the percentage of 




Figure 3.3. Percentage of adhesion between trophozoite stage iRBCs and CHO 
cells tested  at 23°C, 37°C, and after 1 h or 2 h incubation at 40°C and then 
measuring at 37°C. 1 h incubation at 40°C significantly increased the 
percentage of adhesion, but no adhesion was obtained after 2 h febrile 
temperature incubation (Tests were carried out on 5 different days for each 
group). 
 
The percentage of adhesion was 58.9±21% of the 75 iRBCs tested at room 
temperature, and 58.4±15.8% of the 223 iRBCs tested at 37°C. There was no 
significant difference when the testing temperature increased from 23°C to 
37°C. However, more cells could adhere after 1 h febrile temperature 
incubation, and the percentage of adhesion was 85.6±11.3% of the 181 iRBCs. 
After 2 h incubation at 40°C, no adhesion was found among the 74 cells tested.  
b. Adhesion Force after Febrile Temperature Incubation 
The adhesion force of the 75 iRBCs measured at 23°C, 223 cells at 37°C and 
181 cells at 37°C after 1 h febrile temperature is shown in Figure 3.4.  

































Figure 3.4. The adhesion forces between trophozoite stage iRBCs and CHO 
cells  measured at 23, 37°C and after 1 h febrile temperature incubation at 40°. 
The incubation at febrile temperature significantly increased adhesion force, 
with p<0.005. 
 
The adhesion force measured at 23°C was 148.1±84.2 pN, at 37°C it was 
139.1±85.6 pN, and after 1 h incubation at 40°C, it was 196±105 pN. There 
was no significant difference between the adhesion force measured at 23°C 
and 37°C by Student's t-test. However, after 1 h incubation at febrile 
temperature, a significant increase in the adhesion force was observed 
(p<0.005). 
c. Contact Diameter Measured under Different Temperature Treatment 
A significant increase in both the adhesion force and the percentage of 
adhesion after 1 h incubation at 40°C was observed. In order to check the 


































and the CHO cells was checked following the same procedure as discussed in 
Chapter 2. 
Figure 3.5 below shows the comparison of the initial and final contact 
diameter between the trophozoite stage iRBCs and CHO cells measured at 
23°C, 37°C and after 1 h incubation at 40°C.  
 
Figure 3.5. The initial and final (before the iRBC was completely detached 
from the CHO cell) contact diameter formed between the trophozoite stage 
iRBCs and CHO cells measured at 23°C, 37°C, and after 1 h incubation at 
40°C. 
 
The average initial contact diameter of cell measured at 23°C was 1.6±1.2 µm, 
and after being pulled several times using the micropipette, the final contact 
diameter before detachment was 1.34±0.73 µm. A 17% reduction in contact 
diameter was observed, but the change was not significant. The average initial 
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contact diameter of cells measured at 37°C was 1.9±1.24 µm, and the final 
contact diameter was 1.25±0.92 µm. A 35% reduction in contact diameter was 
observed. The initial contact diameter measured after 1 h incubation at 40°C 
was 2.49±0.97 µm, and the final contact diameter was 1.8±0.8 µm. A 28% 
reduction in contact diameter was observed.   
The initial contact diameter formed between the iRBCs and CHO cells 
measured at 23°C, 37°C and after 1 h incubation at 40°C is shown in Figure 
3.6.  
 
Figure 3.6. The initial contact diameter formed between the trophozoite stage 
iRBCs and the CHO cells are compared between the adhesions measured at 
23°C, 37°C and after 1 h incubation at 40°C. 
 
In Figure 3.7, the initial contact diameters formed between the iRBCs and 






































compared. The initial contact diameter formed at 23°C was 1.6±1.2 µm, and at 
37°C it was 1.9±1.24 µm. No significant difference was observed between the 
two groups using Student's t-test (p>0.05). However, after 1 h incubation at 
40°C, a significant increase (p<0.005) in contact diameter was observed, and 
the contact diameter formed after 1 h incubation at 40°C was 2.49±0.97 µm.  
The final contact diameters before the iRBC was completely separated from 
the CHO cell measured at 23°C, 37°C and after 1 h incubation at 40°C are 
compared in Figure 3.7.  
 
Figure 3.7. The final contact diameters formed between iRBCs and CHO cells 
before the iRBC was completely detached from the CHO cell are compared 
between cells measured at 23°C, 37°C and after 1 h incubation at 40°C.  
 
In Figure 3.7, the final contact diameters formed between the iRBCs and CHO 





































The final contact diameter formed at 23°C was 1.34±0.73 µm, and at 37°C it 
was 1.25±0.92 µm. No significant difference was observed between the two 
groups using Student's t-test (p>0.05). However, after 1 h incubation at 40°C, 
iRBCs could still form a larger final contact diameter before the iRBC was 
completely separated from the CHO cell. A significant increase (p<0.005) in 
final contact area was also observed, and the final contact diameter formed 
after 1 h incubation at 40°C was 1.8±0.8 µm.  
At this stage, the initial contact diameters and the final contact diameters were 
checked. Previous studies show that while the initial contact diameter was 
determined by the adhesive ligand density and the cell membrane shear elastic 
modulus (Liu et al. 2007), the final contact diameter was proportional to the 
adhesion force measured by dual pipette technique (Evans 1980; Evans et al. 
1991; Brochard-Wyart et al. 2003). By comparing the initial contact diameter 
to the final contact diameter, it was found that during the dual pipette 
detaching steps, there was a 20% to 30% reduction in contact diameter before 
the last step. After 1 h incubation at 40°C, both the initial contact diameter and 
the final contact diameter were significantly larger compared with the other 
two groups measured at 23°C and 37°C.    
d. Determination of Adhesion Energy Density 
The determination of adhesion energy density followed the method described 
in Section 2.1.4 Adhesion Force and Energy Density Measurements. In total, 
31 cells measured at 23°C, 110 cells at 37°C and 128 cell after 1 h incubation 
at 40°C were checked. Figure 3.8 shows the adhesion energy density measured 




Figure 3.8. The adhesion energy density of cell-cell adhesion measured 
between the iRBCs and CHO cells at 23°C, 37°C and after 1 h incubation at 
40°C. No significant change in the adhesion energy density was found among 
the three groups.  
 
In Figure 3.8, the adhesion energy density of cell-cell adhesion measured at 
23°C, 37°C and after 1 h incubation at 40°C is shown. At 23°C the adhesion 
energy density calculated from the 31 cells was 35.85±29.52 pN/µm, at 37°C 
it was 49.05±36.7 pN/µm, and after 1 h incubation at 40°C it was 43.88±36.49 
pN/µm. No significant difference was found among the three group (p>0.05).  
After 1 h incubation at febrile temperature, a significant increase in adhesion 
force was found. By checking the contact diameter and the adhesion energy 
density formed between the iRBCs and the CHO cells, a significant increase in 
the contact diameter was found as well. However, there was no significant 


































increased adhesion force after 1 h incubation at 40°C came from the increased 
contact area formed between the two cells. However, the average energy to 
separate a unit contact was similar among the three groups.   
3.2.3 Parametric Studies 
From the previous analysis, it could be seen that after 1 h febrile temperature 
incubation, a significant increase in the adhesion force was observed. The 
increased adhesion force came from a significant increase in the contact 
diameter. The adhesion energy density, which is defined as the energy to 
separate a unit contact adhesion, did not change significantly. Thus, factors 
affecting the contact diameter were checked in the following part.  
As suggested in the literature, febrile temperature can increase the surface 
expression of PfEMP1 (Udomsangpetch et al. 2002), induce PS exposure to 
outer membrane (Pattanapanyasat et al. 2010), as well as change cell rigidity 
(Mills et al. 2007; Park et al. 2008). All of these changes could affect the 
resultant cell-cell adhesion force. These factors are discussed below.  
a. Adhesive Ligands Involved in Cell-Cell Adhesion  
As suggested from literature, PfEMP1 and PS are both potential adhesive 
ligands involved in adhesion at febrile temperature. Thus, in the iRBCs 
binding and inhibition assays, CSA was used to block the adhesion induced by 
PfEMP1, and Annexin V was used to block the adhesion induced by PS. The 
medium preparation was described in Section 2.1.1 and Section 3.1.1. In each 
group tests were repeated on 5 different days, and the percentage of adhesion 




Figure 3.9. The percentage of adhesion measured at 23°C, 37°C and after 1 h 
incubation at 40°C. 100 µg/ml CSA was used to efficiently block the adhesion 
induced by PfEMP1, and 50 µg/ml Annexin V was used to efficiently block 
the adhesion induced by PS. In control, 500 µg/ml BSA was used. Tests were 
repeated on 5 different days for each group (p<0.05). 
 
In the control group, the adhesion percentage of cells measured at 23°C was 
58.89±21%, at 37°C it was 58.44±15.83%, and after 1 h incubation at 40°C it 
was 85.63±11.29%. A significant increase with p<0.05 was observed after 1 h 
febrile temperature incubation.   
With the addition of 100 µg/ml CSA, a significant reduction in the adhesion 
percentage was observed in all three groups. At 23°C, a 100% reduction in 
adhesion was observed, and no iRBCs could adhere to CHO cell after the 
PfEMP1 was blocked. At 37°C, only 8±8% iRBCs could still adhere, and a 86% 



































adhesion was reduced from 85.63±11.29% to 31.32±18.65%, and 63% 
adhesion was blocked by the addition of soluble CSA. 
With the addition of 50 µg/ml Annexin V, the percentage of adhesion 
measured at 23°C was 45±15.6%, and only 24% adhesion was blocked by 
Annexin V. The percentage of adhesion measured at 37°C was 40±18.7%, and 
32% adhesion was blocked. No significant difference in the change of 
adhesion was observed between the measurements done at 23°C and at 37°C. 
After 1 h incubation at 40°C, with the addition of Annexin V, the percentage 
of adhesion was 37.18±14.33%. A 57% reduction in the adhesion percentage 
was observed, and the reduction was significant (p<0.05).  
With the addition of both 100 µg/ml CSA and 50 µg/ml Annexin V, adhesions 
were efficiently blocked in all tests done at 23°C, at 37°C and after 1 h 
incubation at 40°C. No adhesion was found at 23°C and 37°C, and only 8±8% 
cells could still adhere after 1 h incubation at 40°C.  
From the percentage of adhesion measurements at 23°C, 37°C, and after 1 h 
incubation at 40°C with inhibiting molecules, it could be seen that: 
1. At 23°C and 37°C, PfEMP1 played a major role in bringing the iRBCs to 
CHO cells. The cell-cell adhesion could be significantly reduced to 0 with the 
addition of 100 µg/ml CSA. PS played a minor role in cell-cell adhesion. After 
the addition of Annexin V, more than 40% iRBCs could still adhere to the 
CHO cells.  
2. After 1 h incubation at 40°C, both PfEMP1 and PS played a significant role 
in bringing the iRBCs to CHO cells. Being blocked with CSA or Annexin V 
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alone, more than 30% iRBCs could still adhere to CHO cells. With both CSA 
and Annexin V, the adhesion could be efficiently blocked.   
From the measurements of adhesion percentage, it could be seen that both 
PfEMP1 and PS played a role in bringing the iRBCs adhere to CHO cells, 
especially after 1 h incubation at 40°C. Thus, both the changes of PfEMP1 and 
PS density were examined.  
b. Change in Expression of PfEMP1 
The amount of PfEMP1 expressed on the cell membrane before and after 
febrile temperature treatment was stained by Alexa Fluor 555 and  checked 
using flow cytometry. The mean fluorescent intensity of Alexa Fluor 555 was 
checked as shown in Figure 3.10.  
 
Figure 3.10. Flow cytometric data of selecting iRBCs to get mean fluorescent 
intensity (MFI) of PfEMP1. 
 
Figure 3.10 shows the flow cytometric results of selecting the population of 
iRBCs, and the MFI value of Alexa Fluor 555 was checked. The MFI value of 
the cells after febrile temperature incubation was 38.22, while without febrile 
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temperature it was 37.12. No significant change in the MFI value was 
observed, and this result is consistent with previous studies (Udomsangpetch 
et al. 2002; Oakley et al. 2007). 
c. Change in Expression of PS 
PS was stained using Annexin V-FITC, and live iRBCs were indicated by 
DHE which can only bind to live cell DNA. Annexin V-FITC was examined 
through FL1-H and DHE was examined through FL2-H. The MFI value of 
both Annexin V and DHE positive region was checked, as shown in Figure 
3.11.  
 
Figure 3.11. Flow cytometric data of selecting the live iRBC population to get 
the MFI value of PS. Both DHE and Annexin V positive population was 




The MFI value of iRBCs after febrile temperature treatment was 81.23±5.88 
(n=3), while without the febrile temperature treatment, it was 54.67±2.51 
(n=3). The increase in PS expression is consistent with previous studies 
(Pattanapanyasat et al. 2010). Figure 3.12 shows the MFI value before and 
after the febrile temperature incubation.  
 
Figure 3.12. Comparison of MFI value of live iRBC PS expression before and 
after the febrile temperature treatment. There was a significant increase in the 
MFI value of PS after febrile temperature treatment, suggesting more PS was 
exposed to cell surface (n=3). 
 
d. Change of Cell Membrane Shear Elastic Modulus 
In the previous studies shown in Chapter 2, it could be seen that a two-fold 
change in the cell membrane shear elastic modulus could significantly affect 
the resultant adhesion force. A significant change in the trophozoite stage 






















studies (Park et al. 2008). Thus, it was suspected that the changed shear elastic 
modulus would affect the resultant adhesion force.  
The shear elastic modulus under the effect of febrile temperature was 
measured using micropipette aspiration technique. In total, 20 cells were 
measured at 23°C, 24 cells at 37°C, 19 cells at 40°C and 49 cells at 37°C after 
1 h incubation at 40°C. Figure 3.13 shows the measured shear elastic modulus.  
 
Figure 3.13. Shear elastic modulus measured under different febrile 
temperature incubation. A significant decrease in the shear elastic modulus 
was observed after 1 h incubation at 40°C (p<0.005). 
 
The shear elastic modulus measured at 23°C was 23.6±10.87 pN/µm, at 37°C 
it was 19.87±9.67 pN/µm, at 40°C it was 25.53±13.5 pN/µm, and after 1 h 
febrile temperature incubation, the shear elastic modulus was 12.37±7.66 
pN/µm. With a temperature increasing from 23°C to 40°C, no significant 































increase in the shear elastic modulus was observed. This result does not agree 
with previous studies (Park et al. 2008) which stated that trophozoite stage 
iRBCs could be significantly rigidified at febrile temperature. However, in 
Park's study, P. falciparum 3D7 strain was used, but here the P. falciparum 
FCR3CSA strain was used. The FCR3CSA strain is not genetically identical 
to the 3D7 strain (Roberts et al. 1992). Thus, the stiffening by febrile 
temperature might not be significant in the FCR3CSA strain. After 1 h 
incubation at 40°C, a significant decrease in shear elastic modulus to 
12.37±7.66 pN/µm (p<0.005) was observed.  
e. The Effect of Changed Shear Elastic Modulus on Cell-Cell Adhesion Force 
From the flow cytometric measurements, a significant increase in the PS 
expression was observed. A significant reduction in shear elastic modulus 
from  19.85±9.67 pN/µm to 12.37±7.66 pN/µm was also observed after 1 h 
incubation at febrile temperature using the micropipette aspiration technique. 
According to the computational simulation (Liu et al. 2007), both the 
reduction in shear elastic modulus and the increase in adhesive ligand density 
would lead to a larger contact area. In order to check the effect of the changed 
shear elastic modulus, here the increased PS was blocked by 50 µg/ml 
Annexin V, and the adhesion force, adhesion energy density and contact 
diameter were measured at 37°C and after 1 h incubation at 40°C.  
In total, 24 cells in the "40°C(1 h)/37°C with Annexin V" group, 47 cells in 
the "40°C(1 h)/37°C control" group, 16 cells in the "37°C with Annexin V" 
group, and 37 cells in the "37°C control" group were measured. The adhesion 




Figure 3.14. The adhesion force measured at 37°C and after 1 h incubation at 
40°C. 50 µ/ml Annexin V was used to block the adhesion induced by PS. A 
control group without Annexin V was measured as well. A significant higher 
adhesion force was observed in the control group after 1 h incubation at 40°C 
(p<0.05), but no significant difference was among the other three groups.  
 
In Figure 3.14, the adhesion force measured at 37°C with 50 µg/ml Annexin V 
was 102±53.92 pN. After 1 h incubation at 40°C, the adhesion force with 50 
µg/ml Annexin V was 108.63±50.45 pN. No significant difference was 
observed between the two groups, suggesting that the increase in adhesion 
force was due to the increased expression of PS. In the control groups, the 
adhesion force measured at 37°C was 113.7±77.43 pN, and after 1 h 
incubation at 40°C, it was 159.9±96.33 pN. A significant higher adhesion 
force was observed in the control group after 1 h incubation at 40°C (p<0.05). 
At 37°C, the blocking of PS led to a 10% reduction of the average adhesion 
force, and after 1 h incubation at 40°C, a 32% reduction was observed.  
40°C(1h)/37°C with Annexin V
40°C(1h)/37°C Control

































The initial and final contact diameters of the four groups were checked 
following the same procedure as described in section 2.2.3. In total, 15 cells 
were measured at 37°C with 50 µg/ml Annexin V, 36 cells were measured at 
37°C as a control, 24 cells were measured at 37°C with 50 µg/ml Annexin V 
after 1 h incubation at 40°C, and 47 cells were measured after 1 h incubation 
at 40°C as a control. The comparison between the initial and final contact area 
of the four groups is shown in Figure 3.15.  
 
Figure 3.15. The initial and final contact diameters measured at (A) 37°C with 
additional 50 µg/ml Annexin V, (B) 37°C control, (C) 37°C with additional 50 
µg/ml Annexin V after 1 h incubation at 40°C, and (D) 37°C control after 1 h 
incubation at 40°C.  
 
Measured at 37°C with 50 µg/ml Annexin V, the initial contact diameter was 
0.77±0.56 µm, and the final contact diameter before the iRBCs being detached 
from the CHO cells was 0.59±0.23 µm. A 24% reduction in contact diameter 
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was found, but there was no significant difference. Measured at 37°C control, 
the initial contact diameter was 0.92±0.64 µm, and the final one was 
0.72±0.29 µm. A 22% reduction in contact diameter was found, but the 
difference was not significant. After 1 h incubation at 40°C, measured at 37°C 
with 50 µg/ml Annexin V, the initial contact diameter was 1.07±0.57 µm, and 
the final one was 0.94±0.55 µm. A 12% reduction in contact diameter was 
observed, but there was no significant difference. In the control group after 1 h 
incubation at 40°C, the initial contact diameter was 2.17±0.94 µm and the 
final contact diameter was 1.7±0.85 µm. A 22% reduction in contact diameter 
was observed, and a p<0.05 was found comparing the initial and final contact 
diameter. 
Generally, during the cell detaching process in the four groups, a reduction of 
10 to 20% in the contact diameter was found before the final detaching step, 
and the final detaching step would reduce the remaining 80 to 90% contact 
diameter to 0.  
The initial contact diameters formed between the iRBCs and the CHO cells of 





Figure 3.16. The initial contact diameters measured at 37°C with 50 µg/ml 
Annexin V, 37°C control, after 1 h incubation at 40°C with 50 µg/ml Annexin 
V and after 1 h incubation at 40°C control are compared. A significant larger 
contact diameter was found in the control group after 1 h incubation at 40°C 
with p<0.005 comparing to other three groups.  
 
The initial contact diameters between the four groups are compared, as shown 
in Figure 3.16.  In the control after 1 h incubation at 40°C, a significant larger 
contact diameter (p<0.005) was found (2.17±0.94 µm) compared with the 
other three groups (0.77±0.56 µm of 37°C with Annexin V, 0.92±0.64 µm of 
37°C control, and 1.07±0.57 µm of 1 h incubation at 40°C with Annexin V). 
However, no significant difference was found among the other three groups.  
The final contact diameters before the last detaching step are compared in 
Figure 3.17.   
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Figure 3.17. The final contact diameters measured at 37°C with 50 µg/ml 
Annexin V, 37°C control, after 1 h incubation at 40°C with 50 µg/ml Annexin 
V and after 1 h incubation at 40°C control are compared. A significant larger 
contact diameter was found in the control group after 1 h incubation at 40°C 
(p<0.005) compared with the other three groups.  
 
The final contact diameters between the four groups are compared, as shown 
in Figure 3.17.  In the control after 1 h incubation at 40°C, a significant larger 
contact diameter (p<0.005) was found (1.7±0.85 µm) compared with the other 
three groups (0.59±0.23 µm of 37°C with Annexin V, 0.72±0.29 µm of 37°C 
control, and 0.94±0.55 µm of 1 h incubation at 40°C with Annexin V). 
However, no significant difference was found among the other three groups.  
During the detaching process of these four groups, the final contact diameter 
was generally about 80% of the initial contact diameter, and a larger initial 
contact diameter led to a larger final contact diameter. By comparing the 
initial and final contact diameter of the four groups, a significant larger contact 
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diameter was found in the control group after 1 h incubation at 40°C 
(p<0.005).  
The adhesion energy density, which is defined as the energy used to separate a 
unit adhesion area, was calculated following the method as described in 
Section 2.1.2 Adhesion Force and Energy Density Measurement. The adhesion 
energy density of the four groups is shown in Figure 3.18.  
 
Figure 3.18. The adhesion energy density measured at 37°C with 50 µg/ml 
Annexin V, 37°C control, after 1 h incubation at 40°C with 50 µg/ml Annexin 
V and after 1 h incubation at 40°C control is compared. No significant 
difference was found among the four groups.  
 
Figure 3.18 shows adhesion energy density of the four groups. In the group of 
37°C with 50 µg/ml Annexin V, the adhesion energy density was 72.55±65.46 
pN/µm. In the group of 37°C control, the adhesion energy density was 
68.02±53.21 pN/µm. After 1 h incubation at 40°C, the adhesion energy 
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density measured with 50 µg/ml Annexin V was 59.81±57.38 pN/µm, and in 
the control group, the adhesion energy density was 34.82±27.27 pN/µm. 
Although the average value measured after 1 h incubation at 40°C was lower 
compared with the one measured at 37°C, no significant difference was 
observed using Student's t-test (p>0.05).  
h. Summary of Results 
The adhesion percentage, force, contact diameter and the adhesion energy 
density measured at 23°C, 37°C and after incubation at 40°C is summarized in 
Table 3.1 below,  
Table 3.1. Summary of the adhesion percentage, force, contact diameter and 
the adhesion energy density measured between the iRBCs and CHO cells at 
different temperatures. 
 




Percentage (%) 59±21 58±16 86±11 0 
Force (pN) 148±84 139±86 196±105 NA 
Initial Contact 
Diameter (µm) 
1.6±1.2 1.9±1.2 2.5±0.97 NA 
Final Contact 
Diameter (µm) 








37.1 37.1 38.2 NA 
PS Expression 
(MFI) 








Since both the adhesive ligand expression and the membrane shear modulus 
varied after 1 h incubation at 40°C, to study the effect of the individual change, 
CSA was used to block the adhesion introduced by PfEMP1, and Annexin V 
was used to block the adhesion introduced by PS.  
The resultant adhesion percentage, force, contact diameter and adhesion 
energy density after each adhesive ligand was blocked is summarized in Table 
3.2 below,  
Table 3.2. Summary of the adhesion percentage, force, contact diameter and 
the adhesion energy density measured between the iRBCs and CHO cells after 
the PfEMP1 and/or PS was blocked.  
 
Temperature 37°C 40°C(1 h)/37°C 
Medium
 Control CSA Annexin V CSA& 
Annexin V 
Control CSA Annexin V CSA& 
Annexin V 
Percentage (%) 58±16 8±8 40±19 0 86±11 31±18 37±14 8±8 
Force (pN) 114±77 NA
* 





0.92±1.14 NA 0.77±0.56 NA 2.17±0.94 NA 1.07±0.57 NA 
Final Contact 
Diameter (µm) 
0.72±0.29 NA 0.59±0.23 NA 1.7±0.85 NA 0.94±0.55 NA 
Adhesion Energy 
Density (µN/m) 
68±53.2 NA 72.6±65.5 NA 34.8±27.3 NA 59.8±57.4 NA 
* 




In this chapter, the effect of febrile temperature on cell adhesion force between 
trophozoite stage iRBCs and CSA-expressing CHO cells was studied.  
It is well-known that fever can induce the death of the iRBCs, especially for 
trophozoite and schizont stage iRBCs. The cell death is through an apoptosis-
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like mechanism (Aunpad et al. 2009). Thus, fever was thought to be a benign 
symptom to reduce parasitemia in human host. However, as suggested in this 
study, after 6 h febrile temperature incubation, a ruptured iRBCs with dead 
parasites could still initiate adhesion, and the adhesion between nRBCs and 
iRBCs was observed. The binding receptors and ligand involved in this fever 
induced rosetting are unknown, but the clustering of RBCs would be 
deleterious to human body.   
After 1 h incubation at febrile temperature, a significant higher adhesion force 
was observed. The increased adhesion percentage under febrile temperature 
incubation was consistent with previously published results (Udomsangpetch 
et al. 2002). No studies have been done to assess the effect of febrile 
temperature on the adhesion force. By measuring the contact diameter and 
adhesion energy density, it was found that compared with the results measured 
at 23°C and 37°C, a significant increase in contact diameter was observed. 
However, the adhesion energy density was similar.  
Febrile temperature can induce several changes in malaria-infected RBCs. 
Being exposed directly to febrile temperature, the cell membrane shear elastic 
modulus increased (Mills et al. 2007; Park et al. 2008). Incubating at febrile 
temperature for more than 2 h, it leads to an apoptosis-like cell death, 
especially for trophzoite to schizont stage iRBCs (Aunpad et al. 2009). The 
surface expression of adhesive ligands, such as PS and PfEMP1, would 
increase during febrile temperature incubation (Udomsangpetch et al. 2002; 
Pattanapanyasat et al. 2010). Since the change of shear elastic modulus and 
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adhesive ligand density can both affect the contact diameter, they were 
checked and compared. 
From the cell binding and inhibition assays, it was found that at 23°C and 
37°C, only PfEMP1 was involved in the cell-cell adhesion. However, after 1 h 
incubation at 40°C, both PS and PfEMP1 were involved in the adhesion 
between the iRBCs and CHO cells. By checking the fluorescent intensity 
using flow cytometry, a significant increase in PS expression was found after 
1 h febrile temperature incubation. The increase in PS expression is consistent 
with previously published results (Foller et al. 2010; Pattanapanyasat et al. 
2010).  
After 1 h febrile temperature incubation, a reduction of shear modulus from 19 
pN/µm to 12 pN/µm was observed as well. Since both the change in shear 
elastic modulus and the change in PS expression would affect the resultant 
adhesion force, the effect of shear modulus alone was examined by blocking 
PS. After the PS was blocked, although a 37% reduction in the shear modulus 
was observed after 1 h incubation at febrile temperature, it did not 
significantly change the resultant adhesion force. This result agrees with the 
result presented in Chapter 2 that from early trophozoite stage to late 
trophzoite stage iRBCs, an increase in shear modulus from 16 pN/µm to 19 
pN/µm did not significantly change the resultant adhesion force. Only a two-
fold change in shear elastic modulus, as shown in Chapter 2 from early 
schizont stage to late schizont stage, can significantly affect the resultant force.  
In this chapter, the effects of febrile temperature on cell-cell adhesion between 
iRBCs and CHO cells were studied. It was found that 1 h incubation at febrile 
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temperature would significantly increase both the adhesion force and 
percentage of adhesion. Although several factors could be altered under febrile 
temperature, the increased expression of PS was the main reason for the 




Chapter 4. Conclusions and Future Studies 
4.1 Conclusions 
In the first part of this thesis, the cell-cell adhesion force from ring to schizont 
stage iRBCs to CHO cells was studied at room temperature using dual pipette 
assay. A significant increase in adhesion until early schizont stage, followed 
by a reduction in adhesion at late schizont stage was observed. This 
observation is consistent with previous studies conducted both in vivo and in 
vitro (Beeson et al. 2002; Madhunapantula et al. 2007). In the asexual cycle, 
iRBCs can be modified by several factors, and both the increase in adhesive 
ligand density and the decrease in shear elastic modulus can affect the 
resultant adhesion force. An increase in the adhesive ligand density of both 
PfEMP1 and knob structure significantly increased the adhesion force and 
percentage till early schizont stage. An increase contact diameter was 
observed as well. From early schizont stage to late schizont stage, with a two-
fold increase in the shear elastic modulus, a significantly decreased contact 
diameter with a decreased adhesion force was observed.  In the second part of 
the thesis, the effect of febrile temperature on cell-cell adhesion was studied. 
More than 2 h febrile temperature incubation would lead to cell death, and 
after 1 h incubation at febrile temperature, a significant increase in adhesion 
force and percentage was observed. With the effect of febrile temperature, an 
increase in PS expression, and a reduction in shear elastic modulus was 
observed. After studying the effect of each factor, it was found that a 32% 
reduction in shear elastic modulus alone could not change the resultant 
adhesion force, and the significantly increased adhesion force came from the 
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increased PS expression. As PfEMP1 was studied extensively in malaria 
cytoadhesion, this study provides new mechanisms affecting malaria iRBCs 
sequestration in host organs. Fever episode, as a simple recurring symptom in 
P. falciparum malaria, can significantly affect the adhesion properties, and the 
severity of malaria. 
Summary of the findings in this study are as follows: 
1. The adhesion energy density between live CHO cells and iRBCs ranged 
from 30 to 50 pN/µm, and the adhesion energy density did not change 
significantly during the asexual stage from early trophozoite stage to late 
schizont stage. It did not change significantly either under the effect of febrile 
temperature. 
2. Given a constant adhesion energy density, the adhesion force between the 
iRBCs and CHO cells was strongly dependent on the contact area formed 
between the two cells.  
3. The size of the contact area formed between the iRBCs and CHO cells was 
related to the adhesive ligand density, as well as to the shear elastic modulus, 
and,  
 (a) The change of adhesive ligand density could significantly affect the 
change in the contact area, as well as the resultant adhesion force. As shown in 
the study of febrile temperature effect, a 48% increase in the PS expression 
amount led to a 31% increase in the contact diameter, and a 41% increase in 
the resultant adhesion force.  
 116 
 
 (b) The change of cell membrane shear elastic modulus could not 
significantly affect the resultant force. As shown in the adhesion force 
measurement between early trophzoite and late trophozoite stage, as well as in 
the study of febrile temperature effect, a 30% or less reduction in shear elastic 
modulus could not affect the resultant adhesion force. However, as shown in 
the adhesion force measurement between early schizont and late schizont stage, 
a 140% increase in the shear elastic modulus could lead to a 50% reduction of 
resultant adhesion force.  
This thesis studied the various factors affecting cell-cell adhesion. Although 
PfEMP1 is the most studied adhesive ligand in malaria cytoadherence, other 
factors such as cell deformability and additional adhesive ligands cannot be 
ignored. A reduced cell membrane deformation could significantly change the 
contact area and cell-cell adhesion strength, rendering trophozoite stage iRBCs 
to be more adhesive than schizont stage. Febrile temperature can also increase 
malaria cytoadherence through a less studied lipid component, 
phosphatidylserine. Since cytoadherence is strongly related to the severity of 
malaria disease, anti-malarial drugs targeting all the factors affecting cell-cell 
adhesion should bring benefits to patients. An anti-malarial drug, which can 
significantly increase cell membrane rigidity, should reduce cytoadherence. 
Moreover, during the fever episodes, drug compounds blocking 
phosphatidylserine should bring beneficial effects. However, this study is 
limited in vitro. Experiments conducted under the flow condition, and cell 
behavior in vivo are extremely important in understanding the malaria 
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cytoadherence. They are addressed in the future studies. Moreover, the spleen 
clearance of the non-adhesive iRBCs is another big issue to be addressed.  
4.2 Future Studies 
The dual-pipette technique provides a method of assessing the force and 
membrane tension to detach an iRBC from host receptors in static situation. 
The cell-cell adhesion strength is extremely important to malaria disease, as it 
is directly linked to the cytoadherence and malaria pathogenesis. In capillaries 
when an iRBC is adhered to host endothelium cells, it needs to withstand the 
shear rate induced by blood flows, which is a different situation compared 
with the applied force in static assays. As shown in several studies, the 
adhesive iRBCs behaved differently under flow condition, namely firm 
adhesion, slow slipping and intermittent flipping. (Nash et al. 1992; Cooke et 
al. 1996; Fedosov et al. 2011; Fedosov et al. 2011). Different parameters can 
determine the adhesion behavior. An increased cell membrane stiffness can 
significantly reduce the contact area and alter the iRBC flow behavior from 
firm adhesion to flipping  (Fedosov et al. 2011). This result is consistent with 
the results provided in this thesis, that more than two-fold increased cell 
membrane rigidity can significantly reduce the contact area, and the resultant 
adhesion force. The adhesion energy density, contact area and cell rigidity 
measured in static assay should provide valuable information to study cell 
behavior dynamically. However, experiments conducted in flow condition, 
and in vivo observations are highly desirable to assess the iRBC of different 
aseuxal stages sequestration behavior.  
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Moreover, the iRBC spreads on the CHO cell very fast, and the growth of 
contact area stops within a few seconds. Studies in static condition provide a 
detachment force after the two cells have been in contact for up to 30 s. Under 
flow condition of fast impingements and detachments, the adhesion kinetics of 
single-receptor pairs are of significant importance. The kinetic parameters 
determine the cell behavior under flow condition. However, PfEMP1 on 
iRBCs agglomerate in knob-like structures, and one knob of 100 nm diameter 
contains 10 to 80 PfEMP1 proteins. The compact structure of PfEMP1 
increases the difficulty of assessing single receptor-ligand study, but it is still 
of great interest to explore the adhesion kinetics.  
This thesis assessed the maximum membrane tension to detach the cell-cell 
adhesion, and the adhesion energy density of two cells. The calculation was 
based on a simple analytical model derived from classical fracture mechanics. 
With a recent development of mathematical models on cell membrane 
structures, more models that are reliable should be assessed. The maximum 
membrane tension can also be applied to cells under flow condition.  
A significant increase in the adhesion force was observed between late 
trophozoite stage iRBCs to CHO cells, and early schizont stage iRBCs to 
CHO cells. During this period, neither an increase in PfEMP1 expression nor a 
decrease in shear elastic modulus was observed. An increase in the knob 
density was observed, and it was proposed that once a PfEMP1 protein was 
associated to a knob structure, its binding strength could be changed due to the 
changed protein structures. Thus, future studies should include the binding 
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strength of a PfEMP1 protein to its protein structure, and how a knob structure 
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